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EDITORIAL 


The science and technology of wear, unlike corrosion, has not yet a place of its 
own where the results of both fundamental and applied research can be discussed, 
thus forming the basis for future wear-prevention engineering. It is the purpose of 
WEAR to provide the means for filling this gap so that the latest advances in our 
knowledge of wear and its prevention may be embodied in engineering practice. A few 
prefatorial pages may serve to sketch the intended profile of this new Journal. 


WEAR PROBLEMS 


Excessive wear is a serious obstacle to technological progress. The development of 
new types of engines operating under extreme conditions of temperature, pressure 
and speed, is limited at present by the excessive wear of materials under such circum- 
stances. 

Whilst the technique of lubrication as a wear preventative is well developed, the 
contribution made by materials to this objective is not well understood. Further 
progress is unlikely to be rapid unless a broader view is taken, the lubricant and the 
rubbing surface being considered as constituting a single system. Moreover, there are 
many situations in industry where lubrication is not possible and reliance must be 
placed on the wear-resistant properties of the materials themselves. 

To meet the requirement of mass production, speeding up of processing operations 
without a loss in accuracy is needed. Again, reduced tool life will set a limit to such 
improvements. Machining of new materials such as titanium or tough plastics has 
created a demand for new and specific surfactants, to overcome excessive wear. 

Rising maintenance costs make longer intervals between periods of inspection im- 
perative. Therefore, time-honoured methods of conservation have to be replaced by 
new ones in order to meet this economic requirement. Running-in of automobile 
engines is still considered by some to be a ‘“‘desirable’”’ form of wear. This view is not 
universally held and, moreover, driving habits of the public lead to a shortening or 
even abandoning of this period. A list of current wear problems might well-nigh be 
unlimited, while the demand for materials with more specific wear-resistant properties 


is continuously increasing. 


SCIENTIFIC STUDIES OF WEAR PHENOMENA 


The sliding surface continues to attract the imagination and the skill of experi- 
menters. Phenomenological concepts are gradually replaced by rheological ideas, 
already predominant in work on rubbers. D. Tasor, with his contribution in this 
issue, spans the field from metals to polymers. At the other end of the scale are wear 
studies on elastic hard solids. Research has gained new impetus from the startling 
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synthesis of diamonds, borazon and similar crystals. Protective, hard, wear-resistant 
layers made from titanium nitride or titanium carbide open new vistas in fields appar- 
ently as widely apart as the wear of bearings and of fibre drawing equipment. 

New solid lubricants have already found their place in lubricating engineering ; we 
shall thus have several papers of technological significance. The mechanism of lubri- 
cation, e.g. the role played by adsorbed vapours does, however, need further elucidation. 

The concept of mechanical activation of chemical reactions has been introduced by 
Saw in the discussion of machining operations. This interaction of mechanical and 
chemical factors is an intrinsic factor in many other wear processes, e.g. cylinder wear 
and the abrasion of tires. Thus progress in knowledge of the chemistry of solid-gas, 
solid-liquid and solid-solid reactions under extreme conditions of temperature and 
pressure will be of value in studies of wear. 

Frictional electricity is a factor of some importance in modern textile engineering ; 
it can also induce abrasive wear. Its mechanism is as much a riddle as it was some 
2,000 years ago. Recently, promising advances have been made by studying the role 
played by electrostatic forces in the separation of adhesive bonds. 

Eletrochemical processes are amenable to fundamental analyses, which expose 
their role in stress corrosion — another aspect of mechanical wear. Such electro- 
chemical forces are also believed to influence wear in certain machining operations. 

A systematic survey of wear mechanisms led BURWELL* to the concept of wear 
“constants”, which in the long run might be used by designers in engineering. 
However, the kinetics of wear processes are on closer inspection much more compli- 
cated. The change from one form of wear to another is determined by certain limiting 
conditions, e.g. heat flow and plastic deformation. The mathematical and physical 
analysis of such conditions in the contact zone and their deduction from physical 
properties of materials is therefore of practical importance. 

Surface damage due to impingement of particles contributes to erosive wear 
in many industrial blasting, crushing and milling operations, as well as to rain erosion 
in the skin of fast-flying missiles. The fundamental processes involved warrant a 
closer study of stress waves in solids and their influence on weak spots. This probability 
of crack nucleation is drastically reduced in certain types of ideal solids, which have 
become a reality since the synthesis of ‘“‘whiskers’’. 

Scientific progress in the preparation of flawless surfaces is of importance for the 
art of surface finishing and therefore also for combating wear. 

Science is frequently ahead in producing the tools for technological studies, tools 
not always used efficiently in industry, but pile activation and tracers will be readily 
absorbed as aids in wear technology as fast as equipment becomes available. Atomic 
engineering will obviously bring along wear problems of its own. 


WEAR-PREVENTION TECHNOLOGY 


Science, as outlined above, may form the spearhead of technological progress but 
more systematic information and a better understanding of wear processes in existing 


* See Wear, I (issue no. 2) (1957) 
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equipment is of equal importance to the engineer. Inspection and metallographic 
analysis of worn surfaces on machines in continuous use for many years help to 
formulate rules for protecting load-carrying surfaces; we hope to publish several 
papers containing such information about slides, bearings, gears and combustion 
engines. 

The replacement of metal parts by rubber can lead to a considerable reduction in 
wear rate, as is shown by CLEMENT in this issue. This is just one instance of the many 
where organic construction materials offer an advantage above metals. 

Other useful aids for the engineer are well-documented case analyses. We are very 
fortunate to have a striking example at our disposal for this first issue from the 
Australian Research Group. It is shown how an oil was suspected of causing a defect 
in a bearing, but by accumulation of circumstantial evidence the innocence of the 
oil was proved and the true culprit detected. 

Testing is probably the most controversial field in wear research. A laboratory test 
should either reproduce service conditions or yield well-defined physical quantities. 
Abrasion machines are frequently hybrids, which produce figures of no 
physical significance and of little practical value. The editorial policy of WEAR 
will be to publish reports on the latter type of experiments only as an abstract or in 
a very condensed form. Real progress in testing and in correlating testing with service 
is of course a topic of the highest importance for wear technologists. 

Statistical analysis of results is an integral part of wear testing; it is also employed 
in operational research, which becomes of growing value in dealing with practical 
wear problems. 

In visualizing wear-prevention engineering one would like to indicate at least some 
general phenomenological laws, which could be used by the designer. Some rudimen- 
tary lines of thought can be found already in literature but they are still more anthro- 
pomorphic than in other fields of applied research. No doubt the forthcoming Confe- 
rence on Lubrication and Wear of the Institution of Mechanical Engineers (London, 
October 1957) will do much to clarify the situation. 


ACROSS THE FRONTIERS 


It is hardly necessary to stress that this Journal will be international. Contributions 
for the first two volumes have been promised from more than a dozen countries. 
Special provisions are made by the Publishers to assist those who write in a language 
other than their own. 

The impressive Bibliography of recent papers published in Russian, appearing at 
the end of this issue, clearly indicates the importance of Soviet research in the field 
of friction and wear. It is hoped that our colleagues in the Soviet-Union will find the 
time to report at regular intervals the essence of their studies in one of the languages 
of this Journal. 

Several means are at the disposal of contributors for contacting other specialists: 
surveys on the activities of laboratories will in principle be accepted for publication, 
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in order to facilitate inter-laboratory contacts; a biographic note about contributors 
is published at the end of each issue for the same purpose. 

We hope to have Authors’ Abstracts (in English) as a regular feature as soon as 
the Journal is better known. Short systematic abstracts are in preparation and will 
begin to appear halfway through the first volume. Bibliographies (in English) of 
recent work published in other languages will also be accepted for publication. 
Finally, all these items will be collected in a separate Abstract Index in each volume. 

Another frontier we hope to penetrate is that between industries. Experience 
gained in one industry might well be successfully applied in another field if engineers 
knew about each other’s wear problems. In a small country like Holland such infor- 
mation can sometimes be exchanged by Panel Discussions; from an international 
viewpoint the chances for a pooling of experience in this very specialized field could 
be improved by written discussion in this Journal. The future will show to what 
extent these intentions can be realized. 

The “Tyranny of Words” is a most pressing problem in discussions on wear. It 
will still take several years before the usage of technical terms even within the bound- 
aries of one language has been sufficiently standardized. In the meantime, definition 
of concepts associated with technical words will be a material aid to guide the reader. 

High walls are sometimes encountered between ‘‘fundamentalists”’ and technol- 
ogists, only because symbolism has developed too far. Here review articles should 
stem the adverse effect of specialization. 

This Journal emerged from the joint efforts of the Editorial and the Advisory 
Boards, of which Professor H. BLox should be particularly mentioned. Realization 
of our ideas was made possible by the spontaneous reaction of specialists, who con- 
tributed to the first issues at short notice. We trust that more specialists will follow 
their lead so that WEAR may gain a place of its own in technical literature. 


G. Salomon 
Delft, July 1957 
Centraal Laboratorium T.N.O. 
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FRICTION, LUBRICATION AND WEAR OF SYNTHETIC FIBRES 
D. TABOR 


Research Group on the Physics and Chemistry of Solids, Cambridge University (England) 


SUMMARY 


This paper is divided into four parts. The first deals with the friction of synthetic fibres and 
polymeric materials in general. It is shown that the frictional behaviour depends both on the load 
- and on the shape of the surfaces. For crossed fibres it is found that the coefficient of friction ju is pro- 
portional to W D?8, where W is the load, D the fibre diameter, and fa suitable constant, usually 
about 0.2. This behaviour is explained in terms of the adhesion theory of friction, the variation 
in friction with load and shape being attributed to the corresponding variation in the true area 
of contact. Good correlation over a load range of 109 : 1 and over a range of surface curvatures 
of 320 to 1 is obtained. 

Part II of the paper describes the frictional wear of polymeric materials. A study of the surface 
damage produced supports the view that strong adhesion occurs at the regions of real contact, and 
that tearing and plucking of the surfaces takes place during sliding. An investigation of the fric- 
tional damage produced on fibres (using reflection electron microscopy) shows that the type 
of damage observed depends on the intensity of the frictional surface traction. 

In Part III some experiments on the boundary lubrication of polymers are described. In general, 
boundary lubricants are less effective on polymers than on metals and a number of reasons for 
this are discussed. Finally in Part IV a short account is given of some recent work on the friction 
of yarns over cylindrical guides. The results bring out a point that has not been considered pre- 
viously in the friction of yarns in textile technology: — the importance of hydrodynamic factors 
and the role of the viscosity of the lubricant or finishing agent employed. 


ZUSAMMENFASSUNG 


Die vorliegende Veréffentlichung umfasst vier Teile. Der erste behandelt die Reibung von 
synthetischen Fasern und polymeren Stoffen im allgemeinen. Es wird gezeigt, dass das Reibungs- 
verhalten sowohl von der Belastung als auch von der Gestalt der Oberflachen abhangt. Bei ge- 
kreuzten Fasern findet man, dass sich die Reibungszahl proportional zu W~6 D?8 verhalt, wobei W 
die Belastung, D den Faserdurchmesser und f eine passende Konstante bedeuten, letztere nimmt 
gewohnlich einen Wert von etwa 0.2 an. Dieses Verhalten wird auf Grund der Adhdsionstheorie 
der Reibung erklart: die Anderung des Gleitwiderstandes mit der Last und der Gestalt wird an 
eine entsprechenden Anderung der wirklichen Beriihrungsflache zugeschrieben. Man erhalt eine 
gute Korrelation iiber einen Belastungsbereich von 1o® : 1 und fiir eine Variation der Oberflachen- 
krimmung im Verhaltnis von 320:1. 

Der zweite Teil dieser Mitteilung beschreibt den Reibungsverschleiss von polymeren Stoffen. 
Eine Untersuchung der beschadigten Oberflache bestarkt unsin der Ansicht, dass in den Gebieten 
enger Beriihrung feste Adhasionen auftreten, und deshalb beim Gleiten ein Zerreissen und Auf- 
reissen der Oberflachen stattfindet. Eine Betrachtung der durch Reibung verursachten Faser- 
beschadigung mittels des Elektronenmikroskops (wobei die Reflexionstechnik angewendet wurde) 
zeigt, dass die Art der beobachteten Beschadigung von der Grésse der spezifischen Zugkraft ab- 
hangt, die zur Uberwindung der Reibung benétigt wird. 

Im dritten Teil werden einige Versuche tiber die Grenzschmierung von Polymeren beschrieben. 
Grenzschmiermittel sind auf Polymeren im allgemeinen weniger wirksam als auf Metallen, es 
werden eine Reihe von Griinden fiir diese Erscheinung besprochen. 

Im vierten Teil, endlich, wird kurz iiber eine neuere Untersuchung der Reibung von Garnen, 
die iiber zylindrische Fiihrungen laufen, berichtet. Die Ergebnisse weisen auf einen Punkt hin, 
der bisher bei der Reibung von Garnen in der Textiltechnologie nicht beriicksichtigt wurde: Die 
Bedeutung von hydrodynamischen Faktoren, vor allem die Rolle der Viskositat des verwendeten 
Schmiermittels oder der Appretur. 


References p. 24 
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I. THE FRICTIONAL PROPERTIES OF FIBRES AND POLYMERS 


The frictional properties of fibres are of great importance in textile technology. 
The magnitude of the friction determines the tensions to which the yarn or fibre is 
subjected in textile machinery. The constancy of the friction determines whether the 
fibre is frequently broken and also the evenness of the woven product. In addition, 
as ROpER! has shown, small differences in the static and kinetic friction of yarns may 
subtly affect the handle or feel of the finished fabric. 

Earlier work on the friction of both natural and synthetic fibres has shown that, 
in contrast to metals, the coefficient of friction is not constant but depends on the 
load and the geometry of the surfaces. In the first part of this paper we shall discuss 
the behaviour of synthetic fibres and polymeric materials in bulk, but before doing 
so it is helpful to consider first the frictional properties of metals. 


Friction of metals 


It is now generally accepted that the major cause of the friction of metals arises 
from strong adhesion or welding at the regions of real contact (BOWDEN AND TABOR?). 
On this view when two metals are placed in contact they do not touch over the whole 
of their geometric area since, on a molecular scale, metal surfaces are relatively rough. 
Contact occurs at the tips of the surface asperities and here the pressures are sufficient 
to produce plastic flow of the metal. At these regions the metals crush down plastically 
until the area of true contact is sufficient to support the applied load. It is a striking 
property of metals that, when they are subjected to localised plastic deformation, the 
pressure they can withstand depends little on the shape of the deformed region and 
may be treated as a material constant which, in effect, is the same as the identation 
hardness of the metal (TaBor®). If the localised yield pressure is # it follows that the 
true area of contact A when a load W is applied is 


It is evident that this area will be independent of the size of the bodies. Thus the 
area of true contact is proportional to the load and independent of the geometry of the 
surfaces. 

At the regions of real contact strong adhesion or cold-welding occurs and the fric- 
tional force is essentially the force required to shear the junction so formed. If, in addi- 
tion, one surface is harder than the other some work will be expended in grooving 
the softer surface by the harder. With metals the grooving or ploughing term is often 
small so that the frictional force F may be written 


where s is the specific shear-strength of the junctions. Since s is roughly constant it 
References p. 24 
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follows that the friction is proportional to the load and independent of the size of the 
bodies. These are the two main laws of Amontons. A more detailed analysis shows 
that the combined normal and tangential stresses produce some junction growth 
(McFARLANE AND TapBor’) but the basic validity of the adhesion mechanism remains 
unimpaired. 


Effect of load on the friction of polymeric materials 


Earlier work on the friction of fibres has shown that the coefficient of friction u 
(u = F/W) is fairly constant at high loads, whereas at low loads there is an appreciable 
increase in pw (e.g. GRALEN®). Several empirical relations have been proposed but the 
simplest relation which fits the data as well as any other is of the form 


where f lies between 1/, and o. This has generally been explained (e.g. LIncoLNn®) on 
the assumption that the adhesion model is applicable but that the true area of contact 
no longer follows the simple behaviour observed with metals. It is considered that at 
high loads the material deforms in a truly “‘plastic’’ manner giving an area of contact 
directly proportional to W (as for metals) so that is a constant. At low loads the defor- 
mation is considered to be elastic. According to Hertz’s equation for the contact of 
spherical surfaces the area of contact is proportional to W'/s; consequently F is pro- 
portional to W*/s and 41s proportional to W~/s, In any transitional region jw will vary 
with W in a manner given by equation (3). 

In what follows it will be shown that it is not necessary to invoke two different 
laws of deformation to explain the frictional behaviour. Over a very wide range of loads 
and surface shapes the friction may, indeed, be expressed in terms of a single empirical 
law of deformation. 


Determination of the friction between fibres 


A simple apparatus was developed by Dr. M. Pascoe to determine the friction be- 
tween crossed fibres in a controllable atmosphere (PASCOE AND TaBor’). The arrange- 
ment is shown schematically in Fig. 1. The lower fibre is held taut in a carriage which 
can slide at a slow linear speed of about 0.2 cm/min. The upper fibre is held at right 
angles to it and pressed on to it by flexing it in a vertical plane. When the lower surface 
is set in motion the upper fibre is dragged with it and the horizontal deflection is a 
measure of the frictional force. The deflections are observed with a microscope through 
a glass window mounted on the surrounding enclosure. In general, the motion is in- 
termittent andin any one run a large number of “‘sticks’’ could be observed. These 
provide a fairly reproducible value of the static friction. 

The upper fibre acts as its own cantilever so that the load range for any individual 
fibre is relatively small, about 50 to 1. To extend the load range, fibres of different 
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Fig. 1. Schematic arrangement of cantilever apparatus for determining friction between crossed 
fibres. The whole is surrounded by an airtight enclosure so that measurements may be made zn 
vacuo or in controlled atmospheres. 


0 
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Fig. 2. Friction of various fibres as a function of load W. 
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thickness were used. In this way the effective range of the apparatus could be extended 
from about 10° g for the thinnest fibres to about ro g for the thickest. All the fibres 
used in this work, apart from some polytetrafluoroethylene, were in the ‘“undrawn”’ 
state. Under these conditions it is valid to compare the frictional properties of fibres 
with those of the bulk polymer. However, a few experiments were also carried out 
on “‘drawn’’ fibres and these showed essentially the same type of behaviour as the 
“undrawn”’ specimens. 

The first experiments established that, under the experimental conditions employed, 
electrostatic charging was trivial so that electrostatic adhesion could be ignored. Water 
vapour produced some adhesion with hydrophilic surfaces such as nylon but its mag- 
nitude was small compared with the loads used so that its effect could be ignored. 
With polytetrafluoroethylene (PTFE) and polythene no adhesion due to moisture 
was observed. 

Some typical friction results for clean fibres are plotted in Fig. 2. It is seen that 
the coefficient of friction diminishes with increasing load: the behaviour follows that 
given in equation (3) viz. u = k WP, where B lies between 0.2 and 0.3. In addition the 
friction is markedly dependent on the fibre diameter. We shall now consider the corre- 
lation of these results with the deformation properties of the relevant polymer. 


Deformation of polymers 


To study the local deformation of crossed fibres, scaled- up experiments were carried 
out on crossed cylinders of several mm diameter. The cylinders were pressed together 
under a known loadand the size of the circular indentation formed after a given time 
of loading was measured. In some cases a thin layer of soot was used to render more 
visible the boundaries of the circle of contact. A load range of 1 to 120 kg was employed. 
Results with Perspex cylinders 10 mm in diameter showed that, over the whole load 
range used, the diameter d of the circle of contact was related to the load W by a 
single law 


Wea ha 74 


On geometric grounds we may expect that if we “subtract” one curvature from one 
cylinder, leaving it plane, and ‘‘add”’ this to the other cylinder, converting it into a 
sphere, the deformation behaviour should be the same as for crossed cylinders. This 
was in fact found to be the case, both the variation of d with W and the actual values 
of d being almost identical. 

Finally a steel sphere was pressed onto a flat Perspex block. The variation of d 
with W was the same as for the crossed cylinders but the actual values of d were about 
20% greater for the crossed cylinders. Since such indentation experiments are much 
easier to carry out than experiments with crossed cylinders most of the later measure- 
ments were performed in this way. It was assumed that crossed cylinders would behave 
in exactly the same manner, except that, at any load, d would be about 20% greater. 
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In this way, as we shall see, it becomes possible to predict the area of the circle of 
contact between crossed fibres at very light loads from the experimental results of a 
large geometric system at very heavy loads. This, of course, involves the assumption 
that the physical properties of the fibre are essentially the same as those of the bulk 
polymer. The details of the analysis are given below. 


Effect of curvature 


When a hard spherical indenter is pressed into a block of polymer for a fixed loading 
time of 15 seconds it is found that, for indentations ranging from barely perceptible 
impressions to very large ones, a single relation W = kd” holds very satisfactorily. 
For purely plastic deformation we should expect a value m = 2, for truly elastic defor- 
mation a value m = 3. The fact that for each polymer examined m has a single value 
between 2.5 and 3 would suggest that the deformation is neither purely plastic nor 
purely elastic. This, however, is a rather misleading way of describing the behaviour 
since these polymeric materials are, in fact, viscoelastic and their deformation pro- 
perties depend on the time of loading as well as on the magnitude of the stresses and 
strains. It is true that precautions were taken to keep the time of loading constant 
but it is not at all clear that this is analytically the appropriate time scale to use. 
For this reason the simple relation observed may be partly fortuitous. It is therefore 
probably best to regard the result as being largely an empirical one; the deformation 
behaviour over a very wide range of loads and curvatures appears to be expressed 
adequately by a single law of deformation. 

The effect of curvature of the indenter may be examined by a simple dimensional 
analysis. If a sphere of diameter D under a load W makes an impression of diameter 
d, it is clear that the ratio d/D completely determines the shape of the deformed region. 
If the structure of the material may be ignored and if the time scale is independent 
of the size of the indentation we may expect that all identations of the same d/D value 
will support the same mean pressure (W/d?) 4/2. 

We may therefore write 


Wid? a= f,(8[D) oan x. ane ole eee (4) 
Assuming that the function of d/D is close to a simple power relation this becomes 
W/a* = k (a/D)* 
so that WE gee RA RAMON oie i ie eee nn (5) 


It is now possible to identify (2 + x) with the empirical quantity m so that 


W =spdy.DU2. 2452 neecacaen ons ene (6) 
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If for a series of indenters of different diameters the quantity WD”? is plotted against 
d on logarithmic co-ordinates the points should all lie on a single straight line of 
slope m. For nylon m is found to be 2.7, and in Fig. 3 the quantity WD°-7 is plotted 
against d. It is seen that all the points lie on a straight line of slope 2.7. 
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Fig. 3. The indentation of a nylon block by spherical steel indenters of various diameters D.O D = 
1,+ D=2; X D=5;@ D = tomm. The diameter of the indentation dis plotted on logarith- 
mic co-ordinates against WD®-’, where W is the load. The heavy line is the theoretical straight 


line of slope 2.7. 


Since the area %F of the circle of indentation is given by 2 = ad?/4, it follows from 
equation (6) that 


= a4 (7) afm yy 2im plam-aim (7) 


An identical relation should hold for crossed cylinders of diameter D, except that the 
numerical value of the initial constant will be greater by a factor of approximately 


(1.20), ¢.e. about 1.4. 


Correlation of areal measurements and friction results 


In order to correlate the friction results with the areal measurements described above 


it is necessary to make a number of specific assumptions. 
(i) The friction arises from the shearing of junctions formed at the regions of real 


contact. 
(ii) The area of real contact A is the same as the area of the circle of contact YW. 


(iii) Junction growth does not occur to any appreciable extent during sliding. This 
is supported by some experiments on large-scale model friction-junctions made of 
plastics. 
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(iv) The shear strength s of the junctions is a constant for any given material and of 
the same order of magnitude as the shear strength of the bulk polymer. 
The frictional force F may then be put equal to s%f and the coefficient of friction 
becomes 

p= sUu/W 
The relation for 2 is given in equation (7). Including the correction factor of 1.4 this 


yields. 


w=Lts (=) ™ w-(m-2)/m D2(m-2)lm (8) 


From the static identation measurements for nylon m = 2.7, so that the final relation 
for ys is 
eT ieee Ot te ee RE ai ST) (9) 


where c is an appropriate constant. Using a value of s = 1.5 kg/mm? for nylon the 
values of w calculated for the crossed fibres are drawn as broken curves in Fig. 4. 
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Fig. 4. Coefficient of friction uw as a function of load W for clean undrawn nylon 66 surfaces. The 
points are experimental values: the broken lines are calculated from the theoretical relation uw = 
csW-°6 10-52, @) crossed fibres, D = 0.019 mm; @ crossed fibres, D = 0.042 mm; (crossed 
bristles, D = 0.8 mm; © sphere on flat, D = 6.0 mm. 


This figure also includes a curve for a large sphere of nylon sliding over a flat block of 
nylon (at loads of 10 g to 10,000 g), the geometric arrangement being equivalent to 
that of crossed cylinders. It is seen that the theoretical curves are close to the experi- 
mental values. The correlation is shown in a more striking way if 4/D°-52 is plotted 
against W on logarithmic co-ordinates. This is shown in Fig. 5. It is seen that the 
theoretical straight line of slope — 0.26 passes close to all the experimental points over 
a load range of ro ° to 104 g and over a range of diameter from 0.019 to6 mm. The 
correlation is particularly good for the fibres at light loads. At heavy loads the experi- 
mental variation of 4 with load is somewhat less marked than the theory predicts. 
Nevertheless the correlation is surprisingly effective in view of the enormous range of 
loads and curvatures employed and the rather sweeping assumptions that have been 
made. 
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Fig. 5. Results of Fig. 4 plotted on logarithmic co-ordinates as y/D°-°2 against W. The theoretical 
straight line of slope — 0.26 is shown as a broken line and is seen to lie close to the experimental 
points. Key as in Fig. 4. 


Similar calculations for the other plastics show that the friction results may be 
explained in a similar way though with some of these materials a rather limited range 
of fibres was available so that the frictional data is less extensive. Some typical results 
are tabulated in Table I, which also includes the assumed values of the specific shear 
strength s of the junctions. 


TABLE I 


VALUES OF # AND SIN RELATION ss = cSW-8 D?6 USED IN CORRELATING FRICTION AND INDENTATION 
EXPERIMENTS 


Plastic ; B s kg/mm? 
Nylon 0.26 1.5 
Polythene 7 0.26 ite 
Polyvinylidene chloride (PVDC) 0.17 4 
Perspex 0.23 a 
Polytetrafluoroethylene (PTFE) 0.20 0.4. 


The very low value of s for PTFE is consistent with other friction work, which shows 
that this material has an exceptionally low coefficient of friction. 


Friction of polymers 


These results suggest that the frictional properties of fibres and polymers arise from 
the shearing of junctions formed at the regions of real contact, the variations of friction 
with load and curvature arising primarily from the change in true area of contact. 
The fact that a single law of deformation holds over a very wide range of deformation 
jeads to a surprisingly good correlation in the frictional behaviour over a very large 
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range of experimental conditions. This in itself involves two additional assumptions. 
First, in contrast to metals, there is little or no junction growth during sliding. This 
is supported by some experiments on large-scale model junctions made of polymer 
(GREENWOOD AND TasBor, unpublished). Secondly, the results suggest that contact 
probably occurs over a single region of contact since, as ARCHARDS has shown, multiple 
point contact generally involves a slower variation of « with W. With the fibres, even 
with those covered with “‘cobble-stones’’ there is indeed evidence that contact only 
occurs over a few, perhaps only one, region of contact (see below). On the other hand 
it is significant that with bulk polymer the variation of « with W is more nearly 
proportional to W-°-! instead of W-°-? to W-°:?5 for the fibres. Here it is likely that mul- 
tiple contact occurs. 

The assumptions made in this study involve a number of over-simplifications. 
Nevertheless, they provide a unifying picture of the frictional behaviour of polymeric 
fibres and bulk polymers over an enormous range of loads (10° to r) and over a very 
wide range of surface curvatures (320 to I). 


Il. THE FRICTIONAL WEAR OF FIBRES AND POLYMERS 


When polymers in bulk form or in the form of fibres slide on one another strong 
adhesion generally occurs at the points of real contact. During sliding these junctions 
are sheared and in many cases fragments from one surface are left firmly attached 
to the other. The direct evidence for this is provided by friction experiments on bulk 
polymer at relatively high loads. If, for example, a hemisphere of polyvinylchloride 
is slid over a surface of the same polymer at a load of several kg and at a very low 
sliding speed, the transfer of polymer from the slider to the lower surface is strikingly 
revealed by the optical microscope (Fig. 6(a)). Ifa metal is slid on a polymer some metal 


Wig eae Optical micrograph of a flat surface of polyvinylchloride after a hemispherical slider of 
€ same material has slid over it once at a very slow sliding speed and under a load of a few kilo- 
grams. The strongly attached fragments of slider material are clearly revealed. 
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may even be plucked out of the slider and remain strongly attached to the polymer. 
A typical autoradiograph for silver sliding on polyvinylchloride is shown in Fig. 6b. 
These are observed at sliding speeds of the order of 0.01 cm/sec. At higher speeds of 
sliding the frictional heating at the points of contact becomes more important. Polymer 
softening occurs and if this is sufficiently marked large scale “welding”’ will take place 
(SHOOTER AND THomas’), 


Fig. 6b. Autoradiograph of a flat surface of polyvinylchloride after a radioactive silver slider has 
slid over it once, Fragments of silver have been plucked out of the slider and remain firmly attached 
to the polyvinylchloride surface. 


It is not easy to show the wear of fibres at the loads used in the first part of this 
paper since the worn regions are difficult to locate. At greatly increased loads, however, 
the wear is clearly revealed, particularly if reflection electron microscopy is used. 
Fig. 7 shows a series of micrograms obtained in this way on a nylon fibre of diameter 
50 « when a flat metal slider of length ca. 1 mm was slid over the fibre at loads ranging 
from 40 to 280 g (CHAPMAN AND MENTER”). 

The first point to notice is that the individual cobble-stones have a diameter of 
about 2 w. In the friction experiments described in the first part of this paper the 
heaviest load used for a fibre of this diameter (about 0.1 g) gives a circle of contact 
of diameter about 4 w .This supports the view that in the earlier work the contact can 
be considered as being very close to a single-point contact. 

The second point that is clearly brought out is the way in which the character of the 
wear changes as the load is increased. For loads below about 80 g the wear is gentle 
and uniformly distributed over the band of contact. For loads above 160 g the centre 
of the band of contact is heavily torn: the greater the load the wider the torn portion. 

This wear behaviour is most simply explained in terms of the variation of normal 
pressure across the region of contact. We assume that there is a relatively large dis- 
parity between the macroscopic area of contact (given by: length of slider times track 
width) and the true area of contact over the cobble-stones within the region of contact. 
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Fig. 7. Reflection electron micrographs of an undrawn nylon fibre (diameter 0.05 mm) after a flat 
silver slider of length about 1 mm has slid over it 


(a) Load 4o g: light surface damage 

(b) Load 100 g: some tearing along centre of band of contact 

(c) Load 240 g: heavier tearing 

(d) Load 280 g: the centre of the band of contact is very heavily torn. 


The normal pressure will therefore not be uniform over the track width but will be 
determined by the quasielastic deformation of the fibre as a whole: it will be highest 
in the centre and fall off towards the edge. Consequently the frictional traction will 
be greatest in the centre and will also fall off towards the edge. Suppose for simplicity 
we assume a Hertzian pressure distribution across the track, then the specific surface 
traction at any point where the pressure is will be up. This will also have a Hertzian 
distribution (see Fig. 8). We assume that when the specific traction exceeds a certain 
critical value (wf); it is great enough to rupture the surface layers. Thus heavy damage 
will occur within the band CD while in the peripheral bands AC, BD, the wear will 
be light and restricted only to individual points. From the observed track-widths, 
frictions and normal loads used it is possible to calculate the critical value of the 
specific surface traction at which heavy damage occurs. For the fibres shown in F ig. 7 
the values (assuming a Hertzian pressure distribution) come out to be 1.4 kg/mm? 
for Fig. 7b, 1.5 kg/mm* for Fig. 7c, and 1.5 kg/mm? for Fig. 7d (CHAPMAN), This is 
surprisingly close to the specific shear strength of the friction junctions (1.5 kg/mm?) 
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Fig. 8. The top part of the figure shows the specific surface traction wp over the band of contact 
on the fibres of Fig. 7 assuming a Hertzian pressure distribution. If heavy tearing occurs when the 
specific surface traction exceeds a critical value (wp)c there will be heavy tearing over the region 
CD. The resulting appearance of the band of contact is shown in the lower part of the figure. 


used in the work on fibre friction in Part I of this paper where single point contact is 
assumed, 

This analytical description of the wear behaviour may be given a very simple phys- 
ical interpretation. At very light loads such as those used in Part I of this paper, 
contact occurs over a single asperity. When sliding occurs the junction is torn and the 
damage is restricted to a very small region. At somewhat higher loads a narrow band 
of the fibre is deformed but real contact only occurs at a few isolated asperities within 
the band (Fig. 7a). The damage is again restricted to the individual sheared junctions. 
As the load is further increased the individual asperity contacts in the centre of the 
region of contact are crowded more closely together; the shearing of each asperity 
junction interacts with its neighbours and heavier damage occurs (Fig. 7b). At even 
higher loads the individual asperities within the centre of the region of contact are 
flattened out and strong junctions are formed over relatively large areas. The shearing 
of these regions now involves very large tangential stresses which are sufficient to 
produce gross tearing of the fibre (Fig. 7d). It is significant that at this stage the 
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tangential stress over the central region is comparable to the bulk specific shear 
strength of nylon itself. 

The concave shape of the worn fibre implies that the gross elastic recovery over 
the centre of the track is less than that over the outer regions. Since a normal load 
of the same magnitude under purely static conditions leaves a surface that is almost 
perfectly flat this is probably also due to the large tangential traction over the central 
region of the track. 

These experiments are, of course, at loads very much greater than those to which 
fibres are normally subjected. They do, however, emphasise a feature that is of general 
validity in the frictional wear of fibres. They show that strong adhesions do occur 
at the regions of real contact. The shearing of the junctions so formed accounts for 
the frictional force and the intensity of this force determines the type of surface damage 
produced. 


III, BOUNDARY LUBRICATION OF FIBRES 


The mechanism of boundary lubrication of metals has been studied fairly exten- 
sively and the broad outlines have been satisfactorily established (BOWDEN AND 
Tapor’). An effective boundary lubricant is a long-chain molecule which is strongly 
adsorbed on the metal surface: the boundary film reduces the amount of intimate 
metallic contact and so reduces the amount of metal transfer or wear. With the best 
boundary films the wear may be reduced by a factor of 10,000 or more (RABINOWICZ 
AND Tapor!”) and most of the friction arises from the force to shear the boundary 
film itself. Since the film usually possesses a shear strength considerably less than 
that of the metal, the friction undergoes a correspondingly marked reduction. Thus 
for unlubricated copper surfaces w = 1; in the presence of a layer of stearic acid (which 
reacts with the surface to form a film of copper stearate) 4 may be reduced to a value 
as low as w = 0.05. It should be noted that although this is a very large reduction 
the diminution in wear is several orders of magnitude greater. 

In contrast to metals, little work of a fundamental nature has been carried out 
on the boundary lubrication of fibres and polymers. PascoE has described some 
experiments on the fibre apparatus described in the first part of this paper and on 
bulk polymers. His main results are summarised in Table II (PAscor}’). 

Itisseen that on the whole there is only a small reduction in friction for lubricated 
fibres. For metals sliding on plastic, in the presence of a fatty acid, a greater reduction 
in friction is observed. The effect, however, is far less marked than for metals sliding 
on metals, and Pascor has put forward a simple and plausible explanation. The low 
friction observed with lubricated metals arises from the fact that the shear strength 
of the lubricant film is considerably less than that of the underlying metal. With 
polymeric materials, however, the lubricant layer consists of long-chain molecules 
not markedly different from the underlying polymer. Consequently, even if a strongly 
adsorbed film is formed its shear strength cannot be greatly different from that of the 
polymer itself so that the friction cannot be very different. 
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TABLE II 


FRICTION OF LUBRICATED POLYMERS AND FIBRES 


Surfaces Aber a Lubricant le 
Fibres. Polythene on polythene TOs None 1.5 
TOms Octacosanoic acid 1.5 
Fibres. Nylon on nylon Ons None 0.8 
10-4 Octacosanoic. acid* 0.6 
Bulk. Polythene on polythene 100 None 0.5 
af Octacosanoic acid 0.4 
af Perfluoro acid** 0.4 
Bulk. Steel on polythene 100 None 0.35 
# Octacosanoic acid 0.25 
Bulk. Nylon on nylon 100 None 0.4 
fs Octacosanoic acid 0.3 
Bulk. Steel on nylon 100 None 0.5 
43 Octacosanoic acid 0.2 
a Perfluoro acid 0.4 


* C,,H,;COOH 
** CyF,,COOH 


This view is not entirely supported by some experiments recently described by 
ZIsMAN et al.“* on the boundary lubrication of nylon. They find a larger reduction in 
friction than Pascoe but also observe that it is less marked than for metals. They 
attribute this to the fact that the long-chain polar lubricant molecules find relatively 
few polar sites on which to adsorb. Consequently the film provides little protection 
and the friction reduction is relatively small. This explanation is supported by the 
observation that for metals sliding on lubricated plastics the reduction in friction is 
greater: here a closely packed layer can be formed on the metal surface so that more 
effective lubrication is obtained. More work in this field is clearly necessary. In partic- 
ular it would be interesting to see if the surface damage is only slightly reduced or 
very greatly reduced by the presence of a boundary lubricant. 

Apart from the direct shearing mechanism described above there is another source 
of frictional energy loss in the sliding of lubricated polymeric materials; this may be 
termed a ‘“‘ploughing”’ or ‘‘deformation’”’ loss. When the surfaces slide over one another, 
grooving of the surfaces occurs. If the adhesion or shearing component is greatly 
reduced by the lubricant, the work of grooving may be an appreciable fraction of the 
observed friction. This mechanism has already been discussed (BOWDEN AND TABOR?) 
for metals. It is not always realised that similar losses may occur even if the deformation 
or grooving is elastic and no permanent grooving remains. The surfaces may be de- 
formed and may then recover elastically, but since all materials show some elastic 
hysteresis losses, elastic energy will be lost in the process; this must be provided by 
the frictional force. Recent work with a poorly resilient rubber for example (GREEN- 
WOOD AND TABOR") has shown that in the presence of a very effective lubricant film 
the major part of the observed friction arises from hysteresis losses in the rubber 
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itself, Similar effects have also been observed by Dr. ATACK working in this laboratory, 
on the friction of wood (BowDEN"*). 

Although many aspects of polymer lubrication still need further investigation it 
is evident that the friction cannot be reduced below a certain minimum arising from 
hysteresis losses in the polymer. These losses in general will be greater than for metals 
so that the lowest friction ideally obtainable with polymers in the presence of a “‘per- 
fect” boundary lubricant will be higher than for metals operating under the same 
conditions. 


IV. HYDRODYNAMIC FACTORS IN THE LUBRICATION OF YARNS 


In many textile processes the fibres or yarns are slid at very high speeds over the 
guides and eyes of the textile machinery. In this part of the paper we shall consider 
the friction between yarn and a cylindrical surface or pin at relatively high speeds 
in the presence of a lubricant film. 

When a yarn or fibre is pulled over a cylindrical surface the friction between the 
yarn and the pin increases the tension around the curved surface of contact. If Ty = 
initial tension, T = final tension, # = angle subtended by yarn over cylinder, and if 
there is a constant coefficient of friction w the classical capstan equation holds. 


Since yw is itself a function of load this equation needs modifying, as HowELL” has 
shown. The relation between T and Ty, as given by this simple relation does, however, 
provide a good idea of how various experimental conditions affect the effective fric- 
tional properties of the system. 

At high speeds of sliding similar relations between T and TJ, appear to hold, but 
most workers agree that there is an increase in friction with speed. Such studies have 
generally been carried out on yarns coated with commercial sizes, and ROpER? has 
suggested that at high speeds the lubricant film is destroyed and the friction ap- 
proaches that of unlubricated surfaces. Lyne’ has suggested that the yarn becomes 
warm and softens and so gives a larger area of contact. Unfortunately most of the past 
work has involved the use of commercial finishing agents of unknown composition 
and properties. However, in LyNr’s work, for the first time, the friction of acetate 
yarns was measured using a series of white-oil lubricants of specific viscosities. In what 
follows we shall show that the broad pattern of Lynr’s results may be explained if 
it is assumed that hydrodynamic lubrication occurs (HANSEN AND TaBor’’), 

We first note that simple hydrodynamic theory indicates that for a Newtonian 
liquid the velocity V has exactly the same effect as the viscosity Z if no other changes 
are made in the system. Thus doubling V (keeping Z constant) should have the same 
effect as doubling Z (keeping V constant). This means, in effect, that the friction 
should depend only on the product VZ. In one series of measurements of a chromium 
cylinder of radius = }’’, Lyne maintained the initial tension Ty constant so that only 
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the final tension T need be considered. We compare here two groups of experiments: 
(1) Constant velocity (100 metres/min) and viscosities Z varying from 2 to 183.9 cp. 
(2) Constant viscosity (44.7 cp) and velocities varying from 10 to 400 metres/min. 

In Fig. 9 a plot of the final tension T against the product VZ is given. When it is 
realised that the two points A and B are nominally identical experiments in the two 
groups of experiments (V = 100 metres/min and Z = 44.7 cp) it is clear that there 
is good agreement over the whole range. 


60 


Final tension T (g) 


ie) 5000 10000 15,000 20000 
VZ V(meters/min) Z(centipoise) 
Fig. 9. Plot of Lynz’s data for an acetate yarn sliding over a cylindrical chromium pin using white- 
oil lubricants of known viscosities. The initial tension T, is 10 g. The final tension T is plotted 
as a function of the product VZ, where V is the velocity and Z the viscosity of the lubricant. The 
points A and B are nominally identical experiments. 


Dimensional analysis 


Although the above results support the view that hydrodynamic effects play an 
important part, it is not at all evident that the lubrication is hydrodynamic in the 
sense in which it is applied to a journal bearing. For example, if the yarn drags a thin 
meniscus of oil with it or stretches out fine droplets of oil as it passes over the cylinder 
(Witson™) the contribution to the friction might also be proportional to the product 
VZ. To provide a more complete picture of the behaviour of lubricated yarn it is there- 
fore desirable to include in our analysis the force with which the yarn presses against 
the pin. This may be done most simply by a dimensional analysis, similar to that used 
in the conventional journal-bearing. In the latter case the coefficient of friction wu is 
found to be a single-valued function of the dimensionless product ZN/P, where Z 
is the viscosity, N is the angular velocity of the journal and P the nominal pressure. 

As a first approximation the yarn may be treated as an inextensible ribbon of uni- 
form “hydrodynamic-width” / (see Fig. 10). The angle subtended by the yarn is 
nearly 180° so that the force W with which the yarn presses on the cylinder is roughly 
W = T + T,. If r is the radius of the cylinder the nominal pressure P between yarn 
and cylinder is P = W/2lr = (T + T,)/2/r. The angular velocity N of the yarn over 
the cylinder is simply N = V/r. Hence the dimensionless quantity analogous to ZN/P 


is ZN/P = Gr) al. 
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The resultant force F pulling the yarn round the cylinder is F = To T):\The 
effective coefficient of friction yz of the system may then be written. 


p= F/W = (T—T)/(T + 1))- 


If the geometry of the system does not change and if the “hydrodynamic width” / 
may be considered constant, this means that jz as defined above should be a mono- 
tonic function of the quantity ZV/W, where W = T + To. 


W=eT +To 


uf F=T-T, 


x ° 


Fig. ro. Arrangement of yarn over cylindrical pin assuming that the yarn spreads out and traps 
a film of lubricant of ‘“chydrodynamic-width”’ /. The yarn is assumed to subtend an angle of 180° 
over the cylinder so that the total force W on the pin is T + Ty) whilst the resultant frictional 
force F = T — Tp. 


Effect of speed and initial tension 


The data of Fig. 9, if plotted in the above way, will clearly give agreement between 
the two groups of experiments similar to that given in Fig. 9. It is more instructive 
to compare another pair of experiments described by LYNE, again using a chromium 
cylinder of radius 1/,"’. 

(I) constant viscosity (Z = 44.7 cp): constant initial tension T) (10 g) variable speed 
(10 to 400 metres/min). 

(2) constant viscosity (Z = 44.7 cp): constant speed (100 metres/min) variable initial 
tension (Jy) = 1 to 40 g): here the final tension ranges from 8 to over 120 g. 

The results are plotted in Fig. rr. It is seen that over the most steeply varying 
portion of the curve (u = 0.4 to 0.7) the agreement is very good: at higher values 
the agreement is poorer. Centrifugal forces appear to be too small to account for this 
discrepancy: it probably arises from the inherent crudity of the hydrodynamic model 
considered. In particular, in contrast to a journal and rigid bearing the geometry of 
the system presumably changes with the running conditions. 
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It may be noted that the shape of the 4 — ZV /W curve obtained in Fig. 11 resembles 
that described by BLox?! for the flexible-foil bearing. This is rather surprising in 
view of the fact that in the present system there is a large variation in tension around 
the cylinder, in contrast to BLoK’s arrangement. Secondly, there is little “side-leakage’’ 
of oil in the flexible foil bearing, whereas in the present system “‘side-leakage’’ must 
presumably be important. The shape of the curve is flatter at high values of ZV |W 
but experiments with silicone oils suggest that this is not due to viscous heating of 
the oil with a consequent reduction in its true viscosity (HANSEN AND TABOR??), 
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Fig. 11. A plot of the effective coefficient of friction (w= (TI — T))/(L + T>)) as a function of the 
parameter Z V/W where Z is the viscosity of the lubricant, V the velocity and W the effective load 
(I + T>). The points are calculated from LyNer’s data for acetate yarn. 

© Constant pre-tension, variable speed; [_] constant speed, variable pre-tension. 

It is seen that both sets of data lie close to a single curve, the agreement being particularly good 
over the steepest part of the curve. 


Clearly, more work is necessary in this field. It is found, for example, that apart 
from the viscosity the wetting angle of the lubricant may be of some importance. 
In addition there is evidence that unlubricated fibres or yarns show a variation of 
friction with speed that resembles qualitatively the variation observed with lubricated 
yarns so that it is necessary to know how far the behaviour of the yarn itself is imposed 
on the behaviour of the lubricant film. It is also evident that frictional heating which 
has been ignored in this analysis must influence the properties of both the yarn and 
the lubricant. Nevertheless the correlation of results shown in Figs. 9 and 11 empha- 
sises a new point that has not been considered previously in the friction of yarns in 
textile technology: — the importance of hydrodynamic factors and the role of viscosity 


of the lubricant or finishing agent applied. 
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FRICTION AND WEAR UNDER BOUNDARY LUBRICATION 


A SUGGESTION 
B. LUNN 


Copenhagen (Denmark) 


SUMMARY 


A simplified suggestion concerning the relation between friction and wear under boundary 
conditions is proposed. It is based on a hypothesis, previously published by the author, in which 
it was suggested that the boundary film is a plastic solid. In order to simplify matters it is presumed 
that the film is a homogeneous plastic solid, with a plastic flow proportional to the shear strength 
of the solid. 

It is further supposed that the plastic flow of the boundary film permits the use of simplified 
hydrodynamic equations. With these simplifications it is possible to construct a simple diagram 
showing the frictional behaviour under boundary conditions. The diagram shows, as expected, 
that under predominantly dry boundary conditions a decrease in the coefficient of friction leads to 
reduced wear. In contrast, at predominantly lubricated boundary conditions wear will increase 
with decreasing coefficient of friction. This is actually in accordance with the technical observations. 

Further, the diagram developed gives a possibility of understanding ‘‘the speed effect’’ in cold 
rolling. 

Even if the presuppositions are rather simplified, the diagram developed corresponds well with 
technical experience. 


ZUSAMMENFASSUNG 


Auf Grund einer vom Verfasser friiher ver6ffentlichten Hypothese, dass das Epilamen bei 
Mischreibung aus einem plastischen, festen Stoff besteht, wird eine vereinfachte Anschauung des 
Zusammenhangs zwischen Reibung und Verschleiss bei Mischreibung vorgeschlagen. Um die 
Vereinfachung zu férdern wird angenommen, dass das Epilamen ein homogener, plastischer, fester 
Stoff ist, dessen plastisches Fliessen proportional mit der Scherfestigkeit des Stoffes verlauft. 

Ferner wird angenommen, dass plastisches Fliessen des Epilamens die Verwendung von hydro- 
dynamischen Ausdriicken in vereinfachter Form erméglichst. Dadurch lassen sich die Reibungs- 
verhaltnisse bei Mischreibung in einem einfachen Diagramm abbilden. Es zeigt sich wie erwartet, 
dass bei iiberwiegend trockener Mischreibung Verminderung des Reibungskoeffizient zu Erniedri- 
gung des Verschleisses fiihrt. Dagegen ist das Umgekehrte der Fall bei tiberwiegend geschmierten 
Mischreibungszustanden, wo vergrésserter Verschleiss bei abnehmendem Reibungskoeffizient 
unter gegebenen Druck- und Geschwindigkeitsverhaltnissen zu erwarten ist, in Ubereinstimmung 
mit den technischen Beobachtungen. 

Das entwickelte Diagramm erméglicht auch die Geschwindigkeitswirkung bei Kaltwalzen zu 


verstehen. 
Obwohl die Voraussetzungen sehr vereinfacht wurden, zeigt das entwickelte Diagramm gute 


Ubereinstimmung mit der technischen Erfahrung. 


Symbols 


up : Coefficient of boundary friction. 
Lnp Coefficient of friction in the ‘‘non-plastic solid’’ equal to S/H. 
fp : Coefficient of friction in the “plastic solid” equal to S’//. 
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> : Shear strength of the ‘“non-plastic solid”. 

Ss’: Shear strength of the ‘‘plastic solid’’. 

H : Meyer hardness for the softest metal in the sliding process. (TaBor: The 
Hardness of Metals, Oxford Univ. Press, 1951). 

a - Fraction of area in which the sliding contact occurs in a layer of a non-plastic 
solid (often referred to as the amount of metallic contact). 

(1-a) : Remaining fraction of area in which the sliding contact occurs in a layer ofa 
plastic solid (the boundary layer). 

n : Apparent viscosity of the plastic solid. 

Z : Plastic viscosity of the solid boundary layer. 

D _: Gradient of velocity in the boundary layer. 

min : Thickness of the boundary film. 

Uw: sce elocity: 

Paes Unitspressure: 


k,-k,-k, : constants. 


Boundary lubrication is the transition stage between fluid lubrication and dry fric- 
tion. It is often defined as a condition under which the sliding surfaces are separated 
only by films of molecular thickness; hence the expression ‘‘thin film lubrication” in 
contrast to ‘‘thick (fluid) film lubrication”. Under boundary conditions the bulk vis- 
cosity of the lubricant plays little or no part in the frictional behaviour', and the degree 
of separation between the sliding surfaces depends not only on the chemical and physical 
properties of the lubricant but also on the nature of the surfaces and their relative 
movement?. 


The boundary film 


The surfaces are generally covered by layers of oxides and similar solid non-plastic 
reaction products from the atmosphere. Hence, dry friction is usually more dependent 
on the nature of these solid surface layers than on that of the actual points of metallic 
contact, except when the areas of metallic contact are enlarged during sliding to such 
an extent that heavy scoring or seizure occurs. Under such conditions, the wear and 
friction are considerable. 

Under boundary lubrication it is the properties of these solid non-plastic layers, 
together with the properties of the boundary film, that determine the frictional be- 
haviour. It is unlikely that the friction consists of a mixture of pure metallic friction 
with hydrodynamic friction in the thin layer of lubricant. 

It has been shown' that the boundary film from the lubricant has to be solid and ad- 
hering in order to function satisfactorily. The present author has suggested that such 
a boundary film is an essential preliminary to the establishment of a hydrodynamic 
fluid film* >, and this contention has recently been supported by Hirst AND LANCas- 
TER’. Further, it has been postulated by the author that the boundary film is a plastic 


solid and that the rheological properties of this solid are responsible for the separation 
of the sliding surfaces under boundary lubrication, 
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Boundary friction 


The general expression for the mixed friction under boundary lubrication is: 
Mb =: fnp - (I—a) fp oF 
fp =a: S/H + (1 — a): S’/H (1) 
If the boundary film is a plastic solid of homogeneous structure, the plastic viscosity, 
Z, is most probably proportional to the shear strength S’ 
Z=h,-S' (2) 
Assuming that the plastic solid is like a Bingham solid, 
H=S/D+Z (3) 
If equation (2) is substituted in (3) 
n = S' (1/D + hy) 
In the thin boundary layer the velocity gradient D is large, even at low relative 
velocity. Hence 
oy (4) 
The viscous properties of the boundary film influence the separation of the sliding 
surfaces, and assuming that the hydrodynamic calculations might be applied (at least 
at low relative velocity): 
lmin = hy+ n+ U/P (5) 
It is reasonable to assume that a is inversely proportional to 4,,;,; thus, if P is 


kept constant, 
a = h,- 2fS’ 1/U (6) 


8U 


0.02 004 006 008 0.10 
S/H 
Fig. 1. 


Fig. 1 is a plot of values of a vs. values for S’/H from 0.01 to 0.1, which seem to 
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be reasonable values for the coefficient of friction for the boundary film. The values 
are constructed for the speeds 1U, 2U, 4U and 8U. 
If equation (6) is substituted in (1) the expression becomes: 


ip = hy 1/U + 1/H (S/S’—1) + S'/H (7) 
With respect to S’ this equation gives a curve quite similar to the ‘“‘Stribeck curve’, 


but with much larger values for the coefficient of friction than are obtained with 


ordinary hydrodynamic lubrication. 


Fig. 2 represents equation (1) with respect to different values of a vs. values for 
S'/H from 0.or to 0.1 and with S/H = 0.12, which is a reasonabie value in many cases. 
For each value of S’/H the frictional coefficients are to be found on the straight lines 
of friction for the chosen relative speeds 1U, 2U, 4U and 8U. 

This simple diagram yields much information about friction and wear under bound- 
ary lubrication and seems to be valid in many cases. 

The right-hand side of the diagram represents conditions in which dry sliding is 
most prominent, and in this region it is difficult to avoid rupturing of the oxide-covered 
metal surfaces. It is thus doubtful that reproducible values are obtainable when a 
is high. 

The left-hand side of the diagram corresponds to low values of a, which are preferred 
in most operations where lubricated boundary conditions are prevalent, viz. in many 
metal-working operations where the pressure is large and the speed occasionally zero. 
Such conditions are found in the neutral zone in cold rolling and in the initial stage of 
cupping or deep-drawing operations. In contrast, dry soap wire-drawing is a high- 
speed process in which rheo- or hydrodynamic separation is prevalent and where 
boundary conditions only occasionally occur. 


It is of value to separate these two distinct different regions of boundary 
lubrication. 
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Lubrication in cold rolling 


In the rolling of foil, thin sheet or strip, where the thickness is small compared to 
the diameter of the rolls, the coefficient of friction in the roll gap has to be less than 
a given value in order to obtain reduction of the gauge by the rolling process. This value 
depends on the rolling circumstances, 7.e. the material to be rolled, the mechanical data 
of the mill, etc. 

If the coefficient of friction has to be less than 0.07 it is impossible to reduce the 
material at speed rU or 2U;; at these speeds the material will pass the roll gap with 
elastic deformation only, like a shirt through a wringer! At speed 4U it is possible to 
reduce the material if the S’/H value is between 0.025 and 0.057 and the field of shear 
strength is being enlarged by increased speed. The diagram shows further that the 
speed-effect recognized by the cold-rolling technicians is most pronounced at smaller 
values of speed, in accordance with experience®”. 


Estimation of a 


It is very difficult to measure a, but estimation is possible using auto-radiography or 
electrical measurements. If there is contact between the solid, non-plastic layers on 
the sliding metals there is plenty of opportunity for the establishment of metallic 
contacts by rupturing of the solid film. With the testing method developed by the 
author» it is possible to get an impression of a because the ‘‘L-value’’ found by the 
method at small values of a is probably proportional to a. 


Degree of 
reduction 


5 10 12 2 
“L-value” 
Tests on oils for the rolling of foil 


2 . A high speed mill 
ee Cee ---- low speed mill 
» OX 


Fig. 3. 


Tests on oils for foil rolling 

Four oils were tested and their ability to reduce aluminium foil on two mills was 
estimated, the one running much slower than the other. The results are given in Table I 
and Fig. 3. The coefficient of friction was estimated by the degree of reduction ob- 
tainable. 
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30 
TABLE Ea 
a Viscosity CS at roo°F or. ” 
Oil = 978°C L-value 
A 3:0 22% 
B 3.0 12% 
(% 8.6 10%, 
D 12.6 5% 


The difference in ‘‘L-value’’ for A and B is caused by a difference in the amounts of heavy and 
light fractions in the base oil, the amount of fatty additives in the two oils being equal. A contains 
a spindle oil of medium viscosity, while B contains a lighter spindle oil and a small amount ofa 
heavier oil, which, however, is not sufficient to stain the foil on annealing. 


Oiliness and wear 

It is known that the addition of oiliness additives such as fatty acids or fatty 
materials will decrease the coefficient of friction; if lubrication were a question of 
friction only, they would be used very much. Experience shows, however, that such 
additions often cause increased wear, and it is sometimes suggested that this is due to 
the corrosive action of the additions. The author has shown® that addition of oleic acid 
will increase the amount of metallic contact, thus producing considerable metallic 
wear evenifthe coefficient of friction is decreased. This is an indication that the oleic 
soap formed on the sliding surfaces is of lower shear strength than the film formed by 
ordinary undoped mineral oils; this causes an increase in the value of a and hence 
increased wear with a decreased coefficient of friction. 

The observations of the author and Mr. V. F. BucHwWaLp at The Technical Univer- 
sity, Copenhagen, indicate that this is a general rule under boundary lubrication in 
the region where lubrication is most pronounced (low a). A similar relation has been 
observed by Zorn”. At large values of a the dry friction is more pronounced, and thus 
the diagram shows increased friction with increased values for a, as would be expected. 


Boundary additives 


Additions of extreme pressure additives will increase the stability of the solid film, 
thus diminishing both the amount of a in the region of dry sliding and the possibility of 
mechanical wear. Generally, it is the object of lubrication to prevent wear rather than 
diminish friction. Hence such additives are often considered necessary under boundary 
conditions. It is of value to remember that reasonable lubrication is possible with 
undoped lubricants, even under conditions where boundary conditions are expected?. 

If the coefficients of friction from the diagram are plotted against speed it is 
remarkable that: 


log coeff. friction ~. log speed + constant 


in the low region of a. This is in accordance with the values found by BARWELL and 


MILNE* "|, Similar values have been found by V. F. BucHwatp; they will be published 
elsewhere. 
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The thickness of the boundary film 


Ever since the basic work of HARDY it has generally been assumed that the boundary 
film is of a thickness that corresponds to the length of a single soap molecule, viz. 
30-40 A. This may well be possible if the oil contains fatty acids or similar materials, 
but with ordinary undoped mineral lubricants the minimum film thickness seems to 
be at least 1,000 A®, indicating that the boundary film may consist of much heavier 
molecules, which adhere firmly to the sliding surfaces; otherwise the shear would be 
in the bond and not in the layer as usually supposed. 


CONCLUSION 


The diagram in Fig. 2 is a simplified tentative suggestion showing the frictional 
conditions under boundary lubrication, but it seems to correspond well with technical 
experience. 

It should be remembered that our knowledge of the rheological properties of the 
boundary film is very limited, and further that in many cases we have to consider 
friction as arising from at least four different components: (1) the lubricant, (2) the 
boundary film, (3) the coated surfaces and (4) the metallic underlying surfaces. The 
influence of surface roughness, film build-up and film destruction will further compli- 
cate the picture. For that reason the proposed diagram should be considered as a 
suggestion only. 
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A CONTRIBUTION TO THE THEORY OF HYDRODYNAMIC LUBRICATION 


A SOLUTION IN TERMS OF THE STREAM FUNCTION FOR A 
WEDGE-SHAPED OIL FILM 


A. A. MILNE 


D.S.I.R., Mechanical Engineering Research Laboratory, Lubrication and Weary Division, 
Thorntonhall, Glasgow (Scotland) 


SUMMARY 


A solution is given for the two-dimensional stream function for viscous flow between inclined 
planes with any arbitrary relative motion. Expressions are derived for the normal and tangential 
forces acting on a selected portion of one of the planes and these expressions are compared with 
those given by conventional hydrodynamic lubrication theory. 


ZUSAMMENFASSUNG 


Eine Lésung des Problems der zwei-dimensionalen Stré6mungsfunktion fiir viskdses Fliessen 
zwischen gegeneinander geneigten Flachen mit irgendwelcher, willkiirlich gewahlter, Relativ- 
bewegung. Ausdriicke werden abgeleitet fiir die normalen und tangentiellen Krafte die auf be- 
stimmte Teile dieser Flachen wirken und diese Ausdriicke werden verglichen mit solchen aus der 
tiblichen Theorie der hydrodynamischen Schmierung. 


INTRODUCTION 


The theory of hydrodynamic lubrication is usually based on the classic work of 
RrEyYNOLpDs!, Starting from the Navier-Stokes equations of motion ofa fluid, REYNOLDS 
assumed that the inertia and density terms could be neglected in comparison with the 
viscous terms and, in essence, that the convergence of the streamlines in the fluid was 
very small. By making these assumptions he was able to obtain an expression for the 
local pressure gradients in a thin lubricant film confined between two nearly parallel 
surfaces in relative normal and tangential motion. The efforts of numerous workers 
have been devoted to obtaining solutions of REYNOLDs’ equation for particular film 
shapes and to considering the limitations imposed by the physical and mechanical 
properties of real fluids and surfaces, but until recently the magnitude of the error 
involved in the assumption of negligible convergence of the streamlines does not appear 
to have been determined. 

It is well known that when inertia and density terms are negligible in comparison 
with the viscous terms the equations of motion in two dimensions of a constant viscosity 
fluid may be written down in terms of a stream function satisfying the biharmonic 
equation and the given boundary conditions. This approach is applicable to certain 
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lubrication problems and avoids the necessity for making REyNorps’ assumption of 
a thin lubricant film confined between nearly parallel surfaces. WANNIER? has given a 
solution for the infinitely long journal bearing, and certain aspects of the solution for a 
plane slide bearing of finite angle of convergence have recently been discussed by the 
author elsewhere®. Since that paper was written, a partial solution for the particular 
case of a slider bearing in simple sliding has been found in a hitherto neglected paper 
by GooptER’, while BLox® has derived a similar partial solution by an independent 
method. It is the purpose of the present note to extend this earlier work by putting 
forward a solution for what is believed to be the most general case — a rigid slider 
bearing having an arbitrary relative motion between the planes — and to compare 
this exact solution with that obtained by the approximate method. 


A GENERAL SOLUTION FOR THE INFINITELY WIDE SLIDER BEARING 


When inertia and density terms are negligible in comparison with the viscous terms 
the equations of motion of a constant viscosity fluid in two-dimensional flow may be 
written in terms of a stream function y such that wu, v, the radial and tangential particle 
velocities, are given by: — 


(I) 


and y satisfies the biharmonic equation 


74) oO (2) 


U, Aunner 


ig. r. Configuration of a dynamically loaded slider bearing with arbitrary relative velocity between 
the planes. 


Consider an ordinary slider bearing (Fig. 1), consisting essentially of two planes in 
relative motion inclined at an angle to each other and held apart by the hydrodynamic 
pressure in the fluid between them. If the inclination is small, RryYNOLDs’ equation 


References p. 39 


34 A. A. MILNE VoL. 1 (1957/58) 


may be applied to any selected element of the film without reference to the conditions 
elsewhere; this may then be integrated along the length of the bearing to give expres- 
sions for the pressure distribution and hence the load capacity and frictional drag. 
The constants of integration are obtained by assuming that the pressure at the inlet 
and outlet, 7.e. at, say, 7 = 72andyv = 7, is zero, and the behaviour of the fluid outside 
the bearing is ignored. When the inclination of the planes is not small, REYNOLDs’ 
equation is not directly applicable, nor is it strictly permissible to neglect the motion 
of the fluid outside the bearing, for the motion of the fluid at any point may affect the 
conditions over an appreciable portion of the bearing length. For the present purpose, 
however, it will be sufficient to assume that the motion of the fluid at entry and exit is 
such as it would be if the slider formed part of a continuous plane intersecting the 
runner ato. 

In the most general case for rigid surfaces, the plane 6 = #6 may be considered to 


move relative to the plane 9 = 0 with translational velocities 7 =—-U,, v = V and an 
angular velocity w. It will be convenient to let the plane 6 = 0 move with an additional 
velocity « = —U,. The boundary conditions to be satisfied are therefore: — 
oy I oy 
1,2) ° 0 = On =a0y peace 
(7,2) Pi Pane 7 | 


ny) . 
(3,4) 0 ete eesy Te a Us 
or 00 


The stream function may be written down as a series of terms known to be solutions 
of (1); it may readily be verified that the function: — 


yp = (A + BO + Ccos20 + Dsin26) + r(Esind + FOcosd + GOsind) + 
+ 2 (H +16 + Jcos20 + Ksin26) (4) 


satisfies the given boundary conditions if: — 


A = Q(sinB — 2Bcosf)/2(sinB — Bcosp) 

B = 2Qcosf/2(sinB — Bcosf) 

C = QsinB/2(sinB — Bcosp) 

D = —Qcosf/2(sinB — Bcosf) 

E = {U,f + U,fsingB — V(BcosB + sin) }/(B? — sin*f) 

F = {—U,sin®f — U,BsinB + V(BcosB + sinf) \/(62 — sin?p) (5) 
G = (U, (sinBcosB — B) + U,(BcosB — sing) + V BsinB }/(62—sin®p) 
H = wsinB/4(sinB — Bcosp) 

I = —weosf/2(sinB — Bcosp) 

J = —wsinB/4(sinB — Bcosp) 

K = wcosf/4(sinB — Bcosp) 


where Q is an arbitrary constant that may be represented physically by a line source 
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situated at the origin and delivering a flux Q per unit length between the planes. 


It may be noted that when w = V = U, = o the stream function reduces to the 
partial solution given earlier by GoopreR? and derived independently by BLox®. 


The pressure gradient along a radius is given by®: — 


op i) aR v I | 


an 7 oO lar ry 7, 86! 
8 21 41) 
=, (—Csin20 -+- Dcos26) + p (Fcos6 + Gsinf) — on I (6) 
v 


Hence, integrating, 


2 
z (FcosO + Gsind) —4n IInr+L (7) 


Y 


p= a (Csinz26 — Dcos20) — 


Let the pressure be assumed to be at datum level, say zero, at the ends of the 
pad, z.e. 


p=oat§ =8 
tary: 
if = 1) 


2 


ges pi (FoosB + Gsing) + 4nI { Inry + | a )is ny 
7, \n+1 ne— I 
(8) 
inpb— Yr : ny,? 
= ae \; 7 4 (Fcosf + Gsinf) — asl In | 


and along the plane 6 = f 


; fz nV, y I 
p = 2n(I’cosp ++ eel 5 as 5 — -+- (n+ 2) +. 


vatftslb—Z memo 
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The normal load per unit width acting on the plane 6 = BP between ry = 7, and 
Y =f is given by: — 


Y2 
ve [pa = 
$i 


n—t1 
= —2n(FcosB + Gsinf) te n —2 (* 5, |! a 


+ 4nIr eee — a Inn | (x0) 
at m+ | 


The shearing stress in the fluid is given by: — 


ov Vv I 0) 
Oe] — 


2 
a (Ccos29 + Dsin20) + + (Fsin6 — Gcos@) + 4n(Jcos26 + Ksin26) (rr) 


and the tangential force per unit width acting on the plane 0 = f betweenry = vy, and 
Y = fq is therefore: — 


Y2 
Ap. -| b,gdr 
| 
= 27 (F’cosp +-Gsinf) = (" ra fe (FsinB— Gcosf) Inn + 
2 (= ie ) An nm -+ 27, (n—1) (Jcos2B + Ksin2£) (12) 
cosB\ nm + 1 


Substituting values from (5), 


Nee ae isinB + U,sin?B — V(B + sinBcosf) Vin ene ts — ‘| ah 


fp? — sin’ n+ 1 
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— 2nwr,° eos ’ —1) =(=* | In (13) 


and 


sige U, (Boos —sinB) + Uy (sinBcosB — B) + Vsin®B 


fb? — sin? B ie 


ae ae U,sin®B — ae sinB (" = " 


fb? — sin? B cos n+tr 
oe sinp tl 22 ; < 
Ses ( sing — oa C : Gas | wy 


If the angle of inclination is small, 


Natt ian (" a Ni o4(3 i. e }t U(2 — PP eae i : 1 


mg (2 oP k. Jo 1) —(- =| In q (15) 
and 
ra (ectfeler drools gr gle gre 
= (me) (oler Sep Se l—te 
ae ma Jw —( 2") ns] (x6) 


COMPARISON WITH APPROXIMATE THEORY 


When fis very small it may readily be shown that the pressure gradient is the same 
along both planes, and equation (6) reduces to: — 


ee ale eee (17) 
or ry 7 iv 
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and as 
ieee 
2p 
6V 
hw 3U, a a i (18) 
liz 
IS id 
2p 
the pressure gradient is given by: — 
V 6 6w 
OP go. T2011 Oe hy Sree! (19) 
ov 73 B3 PBS PB rp3 
Now, 7B ~ h, the film thickness, and hence: — 
oa hi 
ap " : = 12(V + wr) —6(U, + U,) ce (20) 
wily or or 


which is the same as the familiar form of REYNOLDs’ equation in two dimensions ob- 
tained by conventional methods. Moreover, if f is so small that /? is negligible, equa- 
tions (15) and (16) reduce to: — 


pel (u, a5 0, [i n—2 (easy ithe lm —| re im a (21) 


2 


n+ «BS mI 
67 2V (eae =A = 
Popes U Ax ass ; _ U U,——_}l 
7 (t+ : ae Bilao ken ne 
+ 37 a0 —( ; In | (22) 


which are again similar to the expressions for load and friction obtainable by conven- 
tional methods. 

If B is not small, inconsistencies arise if an attempt is made to apply REYNOLDs’ 
equation directly to a lubricant film. It has been shown previously? that, following a 
suggestion of LEwickt’s’, an approximate treatment may be made in such cases by 
modifying REYNoLps’ assumptions so that the pressure is assumed to be constant 
around an arc (instead of along the normal to one of the surfaces), while the circum- 
ferential velocity is assumed to be negligible in comparison with the radial velocity. 


The equations of motion then reduce to: — 
op _ ou 


Sot 58 (23) 
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and it may readily be shown that, if the usual analytical procedure is followed, the 
pressure gradient, load capacity and frictional drag are given by equations (19), (27) 
and (22) respectively. The degree of approximation involved may be determined by 
comparing these expressions with equations (13) — (16), from which it will be seen that 
the agreement depends to some extent on the film thickness ratio, n, and on the nature 
of the relative motion, but is close in general up to angles of inclination of at least 30°. 


DISCUSSION 


The foregoing analysis presents an exact solution for viscous flow between inclined 
planes in relative motion. When the calculated normal and tangential forces are 
compared with those derived by conventional hydrodynamic lubrication theory the 
error introduced by the usual assumption of a thin film is shown to be of the order of f? 
and is thus negligible in most practical cases. If the behaviour of lubricating films 
between surfaces of moderate inclination is under consideration, then inconsistencies 
arise if an attempt is made to apply REYNOLDs’ equation directly, but a polar approxi- 
mation, based on a modification of REYNOLDs’ assumptions, gives fairly close agree- 
ment with the exact solution, the proportionate error again being less than f?. For large 
inclinations, e.g. in examining the effect of a leading edge’, then even the polar approxi- 
mation gives increasing discrepancies. In such cases GOODIER has pointed out that 
additional terms must be added to the stream function to determine the flow at entry 
and exit to the region under consideration. 
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THE WEAR OF CAST IRON MACHINE TOOL SLIDES, 
SHEARS AND GUIDEWAYS 


H. T. ANGUS 


The British Cast Iron Research Association, Birmingham (England) 


SUMMARY 


This paper summarises the results of a survey in situ of the slides of some 30 machine tools which 
were still in industrial operation when the examination was made. A description of the processes 
leading to the wear and destruction of slides is given, together with an outline of previous work. 
The severity of wear in the cases examined is indicated by classifying the slides into one of four 
gradings: 

i. Goods) 2) Fam. 3. Poor. 4. Very bad. 
Examples of each of these grades are included. 

The influence of microstructure, phosphorus content, and hardness, is considered and a summary 

of the optimum requirements for satisfactory wear resistance is given. 


ZUSAMMENFASSUNG 


Etwa 30 Werkzeugmaschinen, die nach langjahrigen Gebrauch noch im Betrieb waren wurden 
an Ort und Stelle inspektiert. Das Ergebnis der Untersuchung gusseiserner Schlittenbahnen 
und Fiihrungen wird in dieser Ubersicht zusammengefasst. Die Vorgange, die zum Verschleiss 
und Zerstérung der Gleitflachen fiihren werden zusammen mit den Ergebnissen friiherer Unter- 
suchungen beschrieben. 

Der Verschleissgrad wird umschrieben durch die untersuchten Oberflachen in vier Klassen 
einzuteilen: Gut, massig, schlecht, sehr schlecht. Fiir jede Klasse werden Vorbilder gegeben. 

Der Einfluss der Mikrostruktur, des Phosphorgehaltes und der Harte wird besprochen und 
schliesslich werden die giinstigsten Bedingungen fiir eine befriedigende Verschleissfestigkeit an- 
gegeben. 


INTRODUCTION 


Since machinery and machine tools were first made, it has been the custom to 
make the main framework of cast iron, and in general the slides have been cast integral 
with the main framework. The use, therefore, of cast iron slides is as old as the machine 
tool industry, and the practice still remains standard to the present day. 

General experience has shown that cast iron slides normally give extremely satis- 
factory life, and the power required to move a lubricated rest is low. To begin with, 
the material was used because it was convenient and cheap, but general experience 
again has shown that it is difficult to find alternative materials which are more satis- 
factory from every point of view. Instances will occur to any engineer of tools that 
have been in operation for periods longer than 25 years, in which the main sliding sur- 
faces have maintained a high degree of finish and accuracy. 
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Cases, however, are not infrequent in which very rapid destruction of the sliding 
surfaces has occurred. In many instances, the difference in operating conditions has 
not apparently been sufficient to account for the rapid destruction that has taken 
place, and a great deal of work has been carried out at one time or another to ascertain 
the nature of the surfaces which offer the best resistance to destruction. 


DEFINITIONS 


The terms employed to describe the deterioration of slide rests require some defi- 
nition and the following terms are fairly widely employed: 


Wear applies to the gradual removal of the surface without localized scratching 
or tearing. This process is usually very slow. 

Scratching is the result of particles trapped between the two faces and is shallow 
in character. When scratches are deep they are difficult to distinguish from, 
Scoring, in which deep grooves are formed due to local pick-up or seizing and 
which may mark the early stages of, 

Scuffing, Galling, Tearing or Pick-Up, in which the surface is pitted heavily or 
destroyed for a considerable length. The damage may also be quite deep. If the 
conditions causing scuffing are temporary, recovery to a stable condition is 
possible, but the initial damage will remain. Severe tearing, however, may be 
cumulative, so that conditions become worse, the driving force is exceeded and 
the mechanism stalls, and at this state sezzing occurs. 


Wear between surfaces may be roughly divided into four categories: 


(1) Lubricated sliding wear. Under conditions of full lubrication no wear at all should 
result, as the surfaces are entirely separated by the oil film. The oil film, however, is 
rarely completely continuous, particularly on new surfaces, and may be penetrated by 
local high spots. In fully bedded-in surfaces, however, the continuity of the oil film 
can be gauged by its electrical resistance, and this, under favourable conditions, can 
be very high indeed, particularly in the case of rotating shafts and bearings. 

In the case of sliding components, however, the direction of movement is constantly 
reversed, and the maintenance of a continuous oil film is therefore markedly more 
difficult than with a rotating shaft, and at the same time the chances of the inclusion 
of grit and dirt are much greater. 

At the end of each stroke, also, the sliding component is momentarily at rest, and 
on occasion may remain so for considerable periods of time. This will readily permit 
the local failure of the oil film, and promote metallic contact between the two surfaces. 
Under such conditions, the possibility of surface tearing is increased, as indicated by 
the increased load required to restart the sliding motion. 
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(2) Dry sliding wear. This takes place in particular where it is imperative to absorb 
energy between two surfaces, the commonest used examples being brakes and clutch 
plates. This type of wear in the case of a machine tool slide may arise from defective 
lubrication or uneven surfaces. In the initial stages, it may merely cause polishing 
of the surface to take place, but ultimately it tends to result in galling or tearing of 


the surface. 


(3) Abrasive wear. Wear in which a component harder than the worn surface cuts 
and tears the surface to destruction. Resistance to this form is dependent almost 
entirely upon the hardness of the material. 


(4) Fretting corrosion. Fretting corrosion is essentially an abrasive effect in which 
the metal removed is immediately oxidized, forming either red Fe,O3 under normal 
conditions of humidity, or black Fe,O,, or FeO under conditions of low humidity. The 
extremely localized damage that occurs is caused by the small amplitude of vibration, 
which does not permit the debris to escape from the initial contact zone. This is a par- 
ticularly dangerous type of attack between sliding surfaces, since it occurs almost 
exclusively while the components are operationally at rest. There is little doubt that 
the effect is caused by the squeezing out of the oil film between mating high spots 
on the opposing surfaces. The effect of minute vibrations, particularly those caused 
during transit, for example, by rail or Diesel-engined vessel, or by vibrations of the shop 
floor, is to cause small oscillations between the surfaces, which weld together and tear 
apart continually, producing the pitting which is characteristic of this type of failure, 
associated also with the formation of a red oxide exudation, colloquially termed ‘‘cocoa’’. 
The destruction of surfaces in this manner can be very marked, even in the absence 
of operating movement. 

Sliding components, therefore, are likely to be subject to fully lubricated movement, 
dry sliding wear, abrasive wear and fretting corrosion, according to the conditions 
of use. 


PREVIOUS WORK 


In machine tool slides, the loading is usually extremely low, figures of 0.35-5.7 kg, 
per sq. cm (5 - 80 lb. per sq. in.) being quite normal. Speeds also are comparatively 
low, and speeds of 24 metres (80 ft.) per minute are not frequently exceeded. Superfi- 
cially, under these conditions, it would not be expected that serious breakdown would 
occur, or that conditions of boundary lubrication could arise. 

In practice, this is not so, and experience has shown that surface breakdown may 
be severe and rapid under what appear to be relatively light conditions. 

Attempts to reproduce this breakdown experimentally have not always been very 
successful. 


Opitz* has shown that for continuous operation where steady wear is occurring 
rather than scoring: 


* Private communication. 
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(1) There is no direct connection between hardness and resistance to wear. 

(2) Chilling of the surface of a slideway does not increase its wear resistance but in- 
creases the tendency to seize. 

(3) It is desirable for the sliding surfaces to have different hardnesses, in the ratio 
of about 1.1: 1.2. It does not appear to matter which of the two surfaces is the harder. 

(4) The wear is greatest upon the harder surface. 

(5) Flame hardening does not appear to be very satisfactory as no plastic deformation 
of the surface can occur during running-in. At the same time, the burning out 
of the graphite produces large pores which can be filled in with debris. 

(6) Resistance to wear is favoured by high carbon, low silicon and high phosphorus. 

(7) The most satisfactory wear resistance is obtained with graphite approaching 
Pool Malype A;sizes'3 to 5*. 


In general, these results appear to be borne out by the general experience in this 
country. Evidence from more than one source®* has shown that phosphorus contents 
in excess of 0.79% produce slides that wear better than low phosphorus or flame- 
hardened slides. Flame hardening would be expected to show better results with low 
phosphorus than high phosphorus irons, but clear evidence of its value does not appear 
to be available at the moment except where conditions are clearly abrasive. 

The importance of the phosphorus content in lubricated sliding wear has been 
stressed by very many workers, and has been confirmed in commercial use, but any 
attempt to obtain clear-cut experimental evidence usually produces inconclusive 
results. 

Experimental tests under conditions of continuous running do not reproduce all the 
conditions that arise during the life of a machine, which commences during the 
actual manufacture of the slide itself, and continues during the period of transit from 
the manufacturer to the user, and in the user’s works. Even if the machine is used in 
continuous production, periods occur when it is idle. In many cases, as for example, 
planing machines, the stroke is continually reversed, and therefore speeds range from 
zero to the maximum operating speed. In other cases the slide is used mainly for ad- 
justment, the speed of movement then being very slow indeed. 

Continuous operation of a sliding surface, particularly once the surfaces have been 
bedded in, is actually the most favourable circumstance for obtaining long life, since 
the oil film is being continuously renewed and no metal-to-metal contact is likely to 
occur. As soon as relative motion ceases, however, time is available for the breakdown 
of the oil film between adjacent high spots, and the possibility of true metallic contact 
is considerably increased. If vibration also occurs, in which the amplitude is of the same 
order as the size of the mating high spots, there is the possibility that the lubricant 
will be removed without the opportunity of replenishment, and the two mating surfaces 
will come into metallic contact. 


* American Society for Testing Materials: A.S.T.M. Standard 247-47. 
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Hans Ernst* confirmed the difficulty of obtaining severe destruction by continuous 
running sliding tests, but showed that minute vibrations of the order of 0.0625 mm 
(0.0001 in.), between two mating surfaces, could initiate fretting corrosion and pitting 
in a matter of minutes, even under very light loadings. Surfaces which had been delib- 
erately score-machined, however, when tested with vibrations whose amplitude was 
of the order of the size of each mating surface would resist destruction markedly, since 
each vibration exposed the surface afresh to the lubricant in the intervening space. 

The work of Ernst is confirmed by that of WricHt*, who showed that with a rate 
of oscillation of 2,300 per minute and a slip of 0.00r-in., surfaces lapped to I micro-inch 
(2.5:10 ® mm) would show rapid breakdown, and that the total amount of material 
removed varies as the load and total number of oscillations. He also showed that with 
high humidity the damage is reduced, partly owing to the lubricating effect of absorbed 
water which also promotes removal of debris from contact areas. 

The effect appears to be one of direct oxidation of minute abraded particles formed 
without high temperatures (i.e., below 570°C), and cor.ventional lubricants are only 
partly effective since they do not prevent oxidation. The use of molybdenum disul- 
phide is also relatively ineffective. 

Extreme pressure lubricants (sulphonated or chlorinated) operate normally by the 
formation on the metal surface of an anti-welding layer of sulphide or chloride. These, 
however, are ineffective in preventing fretting corrosion since their oxygen solubility 
is high, whereas B.P. paraffin, which is a poor lubricant fer se, is much more effective 
in these circumstances owing to its low oxygen solubility. 

There seems little doubt that the removal of lubricant from the surface is the most 
significant factor, and any circumstance such as surface configuration, or the provision, 
for example, of a porous phosphate coating, which will retain oil and serve te replenish 
areas denuded by vibrations as low as Io “ of an inch (2.5-10 ® mm), will assist in pre- 
venting damage by fretting corrosion. 

Although fretting corrosion can be an important factor in the pitting of sliding sur- 
faces, local or major failure during sliding can also occur and extensive work® has 
been carried out by BowbDEN AND TABOR, BARWELL and others, on this subject. 

When surfaces slide on one another the frictional work is dissipated as heat and at 
the junction of local high spots very high local temperatures may be developed. 
BOWDEN AND Tazor? definitely subscribe to the view that the polished layer on 
metals (the Beilby layer) is formed primarily by localized melting or high temperature 
softening at the points of contact. Although the layer may be partly formed as a result 
of localized high temperature, it is actually substantially harder than the base material 
and can be regarded as a heavily work-hardened surface. 

The formation of this layer between sliding surfaces appears to depend upon the 
presence of some intermediate material, since gross seizing occurs if two completely 
clean metal surfaces slide upon each other in vacuo. The presence of a thin oxide film, 
however, reduces both friction and damage, and the effect of lubricants — oils, gra- 


* Private communication. 
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phite, molybdenum disulphide, etc. — depends upon their ability to separate the two 
opposing surfaces. 

The process of “running-in’”’ a sliding surface largely involves the polishing off of 
local asperities with suitable lubrication to ensure the prevention of seizing and tearing 
at these points. It is, of course, well known that care in running-in produces surfaces 
that will slide together without damage, whereas careless operation causes local 
tearing which under the best circumstances remains for the life of the machine, and 
under unfavourable circumstances is progressive. 

The type of lubricant used during the running-in period is of considerable importance, 
and lubricants which form soaps with metal surfaces in conjunction with oxygen 
appear to be effective®. Both sulphide and chloride films reduce the danger of gross 
seizure, but chlorinated and sulphonated oils are only effective if the conditions pro- 
mote the interaction of the lubricant with the metal, causing the formation of sulphide 
or chloride films on the metal itself. 

The importance of oxide films in producing polishing of a surface instead of tearing 
appears to be a function of the relative melting points of the oxide and the surface 
to be polished. The hardness at room temperature is of little importance, thus: 


Camphor will polish Wood’s metal, but not tin. 

Lead oxide will polish speculum metal but not nickel. 

Zinc oxide is softer than quartz but has a higher melting point and polishes it 
readily’. 


The effectiveness of lubricant films in the solid state explains the superiority of 
fatty acids over paraffins and alcohols (in sliding as distinct from fretting), since the 
former produce metallic soaps with a melting point higher than that of the acid itself. 
High pressures may produce remarkable increases in strength of some organic mol- 
ecules and the melting point of a lubricant at atmospheric pressure is probably of 
secondary importance. 

The effectiveness of graphite as a lubricant appears to lie in the low shear strength 
across one crystallographic plane which permits it to spread under sliding load. Molyb- 
denum disulphide has a similar structure and is said to be even more effective, possibly 
on account of the known effect of sulphides as anti-welding agents. Their effectiveness 
in the initial running-in-period, however, depends entirely upon their distribution, in 
particular on the extreme asperities that will be in contact when sliding occurs. Solid 
particles of graphite or molybdenum disulphide cannot completely cover a freshly 
ground surface, and probably only become effective after the first stages of sliding 
movement have occurred. Thus, the character of the liquid lubricant that is employed 
is likely to be more important in the initial stages of sliding movement, and the value 
of graphite or molybdenum disulphide can become apparent only when sliding has 
actually commenced. In practice, the addition of graphite to a new cast iron surface 
appears to have little advantage, since sufficient graphite is already present to cover 
the running-in period. The use of molybdenum disulphide, however, is said to offer 
advantages. 
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The use of phosphate coatings® has shown substantial advantages for the running-in 
period since they provide a ‘‘bedding-in” layer of 0.005-0.075 mm (0.0002-0.003 in.) 
thick, which also holds lubricant over the initial period while local asperities are being 
polished down. The coating itself has anti-welding properties and remains long enough 
to establish a satisfactory surface, but ultimately disappears in service. This coating 
is also useful in preventing fretting corrosion. 

True abrasive wear also occurs, particularly on unprotected slides. Coarse, hard 
grit will roll between the slides or become partially embedded in one slide, and will 
cut or scratch the mating slide until it is broken down or dislodged and accommodated 
in a graphite cavity. It is well known that if a cast iron slide is mated against a hard- 
ened steel slide the latter may wear more rapidly, since the cast iron acts as a lap by 


carrying abrasive dust. 


Fig. 1. Wear ( lass 1. Good. Polish and fine scratches. The reflection of the clock illustrates the 
perfection of the slide surface after 20 years continuous wear. Maximum wear 0.0025 in. (0.063 mm) 


EXPERIMENTAL WORK 


Since experience has shown that wear tests confined to the laboratory do not always 
provide a reasonable explanation of industrial experience, it was decided to examine 
im situ a substantial number of operating sliding surfaces. Full experimental details 
are given in a paper by ANGus, MARLEs AND HittMANn?. The surfaces examined varied 
from highly satisfactory to extremely bad, and an arbitrary system of classification 
was adopted to distinguish one from the other. This system is illustrated as follows: 
References p. 57 


VOL. 1 (1957/58) 


RIES 
Class 
Class 


Class 


I. Good: 
2. Hains 
3. Poor: 


4. Very bad: 
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Polish and fine scratches (Figs. 1 and 2), 

fine and coarse scratches and score marks but no pick-up (Fig. 3). 
mainly coarse score marks with some pick-up over small sections 
of the slide (Fig. 4). 

coarse score marks with extensive pick-up and galling of the slide 
(Pig. 5). 


Fig. 2. Wear Class 1. Good. Mainly fine scratches. 


Fig. 3. Wear Class 2. Fair. Fine and coarse scratches and score marks, but no pick-up. 
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Fig. 4. Wear Class 3. Poor. Mainly coarse score marks with some pick-up over small sections of 
5: 4 J 
the slide. 


Fig. 5. Wear Class 4. Very bad. Coarse score marks with extensive pick-up and galling of the slide. 


Types of microstructure 


The microstructure of cast iron undoubtedly affects its resistance to wear, seizing, 
and scoring. Any single casting may, however, carry a wide range of structures, de- 
pending on the speed of cooling from the solidification point and also through the 
critical point. Speed of cooling through solidification, in particular, will affect the 
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Etched 4% Picral (True magn. x 100; reduced in repr.o.7) 


Fig. 6. Medium to coarse random graphite (A.S.T.M. Size 4) with pearlite, some ferrite and phos- 
phide eutectic. Taken from a slide that was in excellent condition after 12 years’ service. Analysis: 
Total carbon 3.12%, Silicon 2.12%, Manganese 0.36%, Sulphur 0.09%, Phosphorus 1.14%. 
Hardness 231 D.P.N. 


1 6 SAE NY hay 


5 6 A AT hae 


Etched 4% Picral (True magn. X 100; reduced in repr. 0.7) 


Fig. 6a. Very coarse graphite (A.S.T.M. Size 2-4). Pearlite, some ferrite and phosphide eutectic. 
Taken from slide in excellent condition after 33 years. Analysis: Total carbon 3.5%, Silicon 2.13%, 


Manganese 1.09%, Sulphur 0.05%, Phosphorus 1.2%. Hardness 190-204 Brinell 
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graphite formation, and where cooling is rapid, as for example when s casting is made 
against chills, there is a tendency to form undercooled graphite. With more normal 
solidification rates, the graphite forms in the so-called random pattern. The matrix 
structure is largely determined by the rate of cooling through the critical point, as 
well as by the silicon and carbon contents. The matrix, therefore, may be either pear- 
litic or ferritic, or a mixture of both. Phosphide eutectic will be present in amounts 
varying with the analysis. The following types of microstructure were found in this 


investigation. 


Etched 4% Picral (True magn. X 100; reduced in repr. 0.7) 


Fig. 7. Medium to coarse graphite (A.S.T.M. Type A, Size 3-4). Mainly ferritic. Caused persis- 
tent wearing and scratching of opposing face. Analysis: Total carbon 3.39%, Silicon 2.39%, 
Manganese 0.62%, Sulphur 0.108%, Phosphorus 0.84%. Hardness 126-134 Brinell. 


(a) Medium to coarse random graphite, with a little ferrite associated with the gra- 
phite flakes in a background of pearlite. The structure is usually associated with 
a fairly high phosphorus content ranging from 0.8-1.2°%. Typical examples are 
shown in Figs. 6 and 6a. 

(b) Coarse to medium graphite with a considerable quantity of free ferrite. This is 
a somewhat unusual structure which can be produced either by high silicon con- 
tent, deep decarburisation or by annealing. A typical example is shown in Fig. 7. 

(c) Medium flake graphite, full pearlitic matrix, high or low phosphorus. Typical 
example is shown in Fig. 8. 

(d) Rosette undercooled graphite, generally containing ferrite in the neighbourhood 
of rosettes, with random graphite and pearlite surrounding the rosettes. In fairly 
heavy castings this is likely to occur on or behind densened faces. A typical example 
is shown in Fig. 9. 


References p. 57 


VOL. 1 (1957/58) WEAR OF CAST IRON MACHINE TOOLS ue 


Etched 4% Picral (True magn. X 60; reduced in repr. 0.7) 


Fig. 8. Medium flake graphite (A.S.T.M. Type A, Size 3-4), fully pearlitic. Analysis: Total car- 
bon 3.18%, Silicon 2.369%, Manganese 0.69%, Sulphur 0.100%, Phosphorus 0.25%. Hardness 
185-195 Brinell. With phosphorus 0.8-1.019% the hardness would be 205-215 Brinell. 


Fig. 9. Rosette and random graphite (A.S.T.M. Type A and B) with about 30% free ferrite and 
3%, Sulphur 0.069%, Phos- 


pearlite. Analysis: Total carbon 3.14%, Silicon 2.96%, Manganese 0.53%, Su! 


phorus 0.76%. Hardness 189-193 Brinell. 
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(e) Fully undercooled graphite with ferrite and pearlite. This type - Brcckure is 
usually met in sections which have been cast against a densener in die-cast ma- 
terials or in very thin sections. This structure is occasionally found on a densened 
slide which has had too little machining allowance. (Fig. 10). 


Ee ae 


Etched 4% Picral (True magn. X 100; reduced in repr. 0.7) 


Fig. 10. Fully undercooled graphite structure (A.S.T.M. Type D, Size 428) of densened machine 
tool slide. Ferrite and Pearlite. Analysis: Total carbon 3.22%, Silicon 2.039%, Manganese 0.7%, 
Sulphur 0.114%, Phosphorus 0.97%. Hardness 199-221 Brinell. 


It is general experience that undercooled graphite is the most unfavourable form 
from the point of view of wear and scoring resistance, under conditions of boundary 
lubrication. The reason for this is not entirely clear, but may be associated with the 
ease with which comparatively small particles of ferrite can be torn from the surround- 
ing graphite envelopes. 

Chills and denseners are frequently employed where it is desired to ensure a dense, 
close-grained surface in castings which would normally give a coarse grain because 
of the composition and rate of cooling. The practice is often justified, but it is important 
to bear in mind that the effect of such densening will be to promote the formation of 
undercooled graphite, and adequate machining allowances must be made to remove 
this surface structure. 

Another effect which is rarely appreciated when chills or denseners are employed 
is the possibility of producing a zone of iron carrying undercooled graphite and ferrite 
at or below the chilled surface, with a lower hardness than that found in the coarse- 
grained pearlitic matrix. This effect was pointed out by SCHNEIDEWIND AND McELwee’. 

Thus, the wearing surface may contain graphite in coarse or medium random flake 
form, characteristic of normal or slow rates of cooling, a combination of rosette under- 
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cooled and flake graphite, or entirely undercooled graphite, as a result of high rates 
of cooling. The matrix may consist entirely of pearlite, or may contain ferrite associated 
with coarse graphite flakes, or ferrite associated with undercooled graphite. The matrix 
may also contain phosphide eutectic ranging from small isolated lakes in the low 
phosphorus irons, to a continuous network where the phosphorus exceeds about 0.8%. 

Some 30 actual examples were examined in various parts of the country, and each 
example was first of all classified for its surface condition and details were taken of 
its length of service. The surface was also examined microscopically, a technique of 
polishing 7m sitw was developed, and a special microscope mounted on a magnetic 
block was devised for the purpose. This enables photographs and photomicrographs 
to be taken on the machine itself. 

The hardness of the bearing surface was also taken by means of a portable hardness 
tester, using a diamond pyramid with 30 kg load. This gave a small impression which 
did not injure the sliding surface, but it was necessary to take the average of several 
determinations, since the small impressions tended to be influenced by the hardness 
of specific micro-constituents. The average figure, however, can be taken as reasonably 
representative of the true Brinell figure taken under standard conditions. Not all the 
machines, however, could be tested for hardness. 

In some cases it was found possible to take actual chemical analyses from the 
casting. In other cases the phosphorus content was estimated visually from the micro- 
structure. Table I summarizes the results of the examinations. 


TABLE I 

Class r 2 3 4 
Surface conditions: Good Fair Bad Very bad 
No. of machines: 8 9 8 5 
Average phosphorus con- ; 

tent: 0.82% 0.96% 0.66% 0.28%, 
Range of phosphorus con- 

tent: 0.13—1.2% 0.29—1.4% 0.13—-1.41% 0.2—0.38%, 
Average hardness: 216 204 205 175 
Range of hardness: 185—231 180—227 202—211 140—203 


Effect of phosphorus 


It will be seen that in Class 1 the average phosphorus content is 0.82%, and in Class 
2, 0.96%. In Class 3 the average phosphorus content is approximately 0.66%, and 
in Class 4, 0.28%. 

Nevertheless, it is significant that the phosphorus content is obviously not the only 
controlling factor, since high and low phosphorus contents occur in all the first three 
groups. 

In Class 1, of the three samples which are clearly below 9.5% phosphorus, two of 
them were almost fully pearlitic, with flake random graphite, and one with a graphite 
form which indicates the possibility that it had been chilled, and there is some indi- 
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cation in the one case that the small amount of phosphide eutectic present occurs in 
the ternary form. 

In Class 2, of the two samples which are clearly below 0.5% phosphorus one of 
them is fully pearlitic with random graphite, and the second shows a chilled structure 
carrying both free carbide and ferrite. This is an unusual structure for castings of 
this type. 

In Class 3, of the eight castings examined, the three high phosphorus examples show 
considerable quantities of free ferrite. In two cases the graphite structure is extremely 
coarse, and in the other it is undercooled, indicating that the structure had been 
chilled. Of the five samples 0.5% phosphorus and below, four show fully pearlitic 
structures with medium to coarse random graphite. In one case the microstructure 
was not recorded. 

In Class 4, it is significant that there are no high phosphorus irons, the average 
phosphorus content being 0.28%. Of the five samples examined, four showed fully 
pearlitic structures with medium to coarse random graphite, and the fifth showed very 
coarse graphite with much ferrite. 


Effect of hardness 


The hardness also is not the only controlling factor. The highest average hardness 
is found in Class 1 and the lowest in Class 4, but the ranges overlap in all groups. One 
slide in Group 1 and five in Group 2 had hardness equal to or less than the lower in 
Group 3 (202), and lower than the highest in Group 4 (203). 

Very low hardnesses (below 160 Brinell) imply the presence of considerable amounts 
of free ferrite (see Fig. 7). This is no disadvantage under conditions of full lubrication, 
but under marginal conditions invariably produces poor wearing properties and under 
certain conditions the surface can act as a lap and damage the opposing surface. 


Effect of microstructure 


The importance of microstructure is also not clearly defined, a densened rosette 
pattern graphite with 90% pearlite being found in the first group, while four out of 
the five examples in Group 4 were fully pearlitic with random graphite (A.S.T.M. Type 
A Sizes 2-4), but all with phosphorus contents of 0.38% or less. Coarse graphite (A.S.T.M. 
Size 3) may be present in all groups. 

Although coarse graphite is usually objected to because of the appearance of open 
grain, there is no evidence that it impairs the wearing properties. In one case in which 
scoring had occurred in service the harder, densened, fine graphite portion (hardness 
199-205 Brinell) shown in Fig. rz, had scored as badly as the soft, coarse, 
open grain section (hardness 154-194 Brinell) shown in Fig. 12. The effect of 
graphite orientation is clearly seen in comparing Fig. 12, (where the graphite 
flakes are predominantly at right angles to the working face), with Fig. 13, 
where they are predominantly parallel. In the latter case the metal has been 


removed, possibly during machining, leaving a pit bounded by the graphite flake. 
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Etched we Picral (True magn. X 60; reduced in repr. 0.7) 


Ss TI. Scored densened slide surface. peer aie (A.S.T.M. Type B, Size 5). Analysis: Total carbon 
3.23%, silicon 2.15%, Manganese 0.459%, Sulphur 0.10%, Phosphorus 1. 10%. Hardness 199-205 
Brinell. This was taken from the same slide as Fig. 12 and scored and worn in the same manner. 


Etched 4% Picral (True magn. * 60; reduced in eit 0. ms 


Fig. 12. The same slide as Fig. 11, but undensened graphite (A.S.T.M. Type A, Size 2-3) predomi- 
nantly at right angles to working surface. Hardness 154-194 Brinell. 


Such pitting does not appear to be in any way detrimental since it serves aS a 
terminal point for damage and acts as an oil reservoir. An optimum size of pit for 
resistance to wear has been given as 0.1-0.6 mm*. A structure of massive free ferrite 
in the absence of phosphide eutectic, however, appears to be definitely unsatisfactory. 

The following conclusions can be drawn from this and other published work and 
a good deal of unrecorded experience. 
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Etched 4% Picral (True magn. X 100; reduced in repr. 0.7) 


Fig. 13. As Fig. 12, but graphite predominantly parallel to working surface. 


(1) Low phosphorus, ferritic irons (with more than about 10% ferrite and less than 
0.4% phosphorus) may be expected to wear badly under marginal conditions. 

(2) Cast iron surfaces of any hardness above about 170 Brinell, any graphite size 
or structure, any phosphorus content, with ferrite up to about 30°% of the matrix 


/O 


area in high phosphorus irons, can give satisfactory results if the surfaces are properly 
prepared, fully lubricated and kept free from grit and standing vibration. 

(3) Since these latter conditions cannot be fully guaranteed, the following require- 
ments appear to give the best insurance against gross failure: 


References 


Hardness 180-240 Brinell. 

Phosphorus 0.7-1.4%,. 

Where, for reasons of foundry technique, a low phosphorus iron is employed, 
the matrix should be fully pearlitic. Where high phosphorus iron is used 
the presence of 5-10% ferrite in a pearlitic matrix is not detrimental. 
Medium to coarse random graphite (A.S.T.M. Type A, Size 3-5) and total 
carbon content above 3.2-3.3%. 

If slideways are densened, sufficient machining allowance should be made 
to ensure removal of all undercooled graphite structures. 

Hardened surfaces offer particular advantages where the local pressures are 
high, as, for example, where cams and rollers are operating on a flat face. 
They may also offer advantages on flat slides where conditions are clearly 
abrasive. 
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It is interesting to compare these requirements, based on experience, with experiments 
carried out by BARWELL and his associates® on fretting corrosion with cast iron spe- 
cimens provided by the British Cast Iron Research Association. These have shown: - 
(a) As cast material (pearlitic) shows less susceptibility to fretting than annealed 
(ferritic). 
(b) Coarse graphite (A.S.T.M. Size 2) does not necessarily produce a poor 
fretting material. 
(c) The phosphorus content does not appear to correlate directly with fretting 
damage, but the worst samples all have low phosphorus content (less than 
0.09% phosphorus). 
The similarity between these findings leads to the conclusion that fretting corrosion 
may well be the main factor which intitiates slide failure. 
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VERSCHLEISSERSCHEINUNGEN IN FLOTATIONSZELLEN* 


M. CLEMENT 


Erzbergwerk Rammelsberg, Goslar ( Dzutschland) 


SUMMARY 


Mineral flotation separators with steel stirrers and steel plates were replaced by flotation cells 
of the Fahrenwald-Denver type, which are covered with rubber. It is shown that the wear process 
in the latter proceeds more gradually and much more slowly than with cast steel equipment. 

Laboratory tests on the wear resistance of a steel and of some rubbers are in qualitative agreement 
with this practical experience. Energy consumption constitutes 90% of the processing costs; of the 
remaining 10%, those for rubber parts are considerably lower than the corresponding costs for steel 
parts. 


Langjahrige Beobachtungen tiber den Verschleiss von Einbauteilen aus Gummi und 
Stahlguss in Flotationszellen der Aufbereitung Rammelsberg fiihrten zu folgenden 
bemerkenswerten Ergebnissen : 

In der Aufbereitung Rammelsberg, in der fein verwachsene, sulfidische PbCu- Zn- 
Pyrit-Erze mit Schwerspat als Gangart selektiv flotiert werden, ist man in den letzten 
Jahren von Flotationszellen, Typ Minerals Separation (MS), mit Stahlgussriihrern 
auf Fahrenwald-Denver-Zellen (FD) mit Einbauteilen vorwiegend aus Gummi iiber- 
gegangen. Die Uberlegungen, die hierzu fiihrten, waren zunachst verfahrenstechnische ; 
bald jedoch erkannte man bei den neuen Zellen die Vorteile, die Einbauteile aus Gummi 
hinsichtlich Wartung, Lebensdauer, Betriebssicherheit und Wirtschaftlichkeit bringen. 

Der Verschleiss, dem die Einbauteile — Riihrer und Diffuserplatte — in der Flota- 
tionszelle ausgesetzt sind, ist abhingig von der Umfangsgeschwindigkeit der Rithrer, 
von der Beschaffenheit der Triibe (Tritbedichte, Korngrésse und Harte der Mineralien), 
ferner vom Werkstoff der Einbauteile. Letzteres ist im oben genannten Aufsatz im 
einzelnen beschrieben. 

Von den beiden untersuchten Werkstoffen, Gummi und Stahlguss, hat sich Gummi 
als hervorragend geeignet gegeniiber den Verschleissbeanspruchungen erwiesen. Die 
gummierten Riihrer und Diffuserplatten besitzen ein Skelett aus Stahlblech, das mit 
einer mindestens 9 mm starken Weichgummischicht tiberzogen ist. Sie zeigen mit fort- 
schreitendem Verschleiss folgendes Bild (siehe Abb. 1): Im ersten Stadium werden 
hauptsachlich die Rippen an der Oberseite der Riihrer abgearbeitet, am Umfang mehr 
als in der Mitte, so dass die Rippen zur Peripherie allmihlich spitz zulaufen. Der Peri- 
pherie entlang unterliegt die Gummischicht einem Abrieb, wodurch der Rithrer mehr 


* Referat des Verfassers iiber den Aufsatz: ,, Verschleisserscheinungen in Flotationszellen der Auf- 
bereitung Rammelsberg”’, Evzmetall, 9 (11) (1956), 534. 
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Abb. ta Abb. Ib 


Abb. Ic Abb. td 


Abb. 1. Verschleisserscheinung an gummierten Riihrern von Fahrenwald-Denver Zellen. Abb. a-b 
neuer Riihrer von oben und unten; Abb. c-d derselbe im vorgeschrittenen Stadium des Verschleisses. 


und mehr an Durchmesser verliert. Auf der Unterseite des Riihrers verschwinden 
allmahlich die Rippen, wahrend sich in radialer Richtung sichelfOrmige Riefen bilden. 
Diese Erscheinungen sind hauptsachlich auf die Erosionswirkung der Triibe bei der 
Rotation des Riihrers zuriickzufiihren, werden aber wahrscheinlich durch Kavitation 
beschleunigt. 

Bei der Diffuserplatte (Abb. 2) verschleisst in erster Linie die Zone an der Peripherie. 
Die Locher werden ausgeweitet; die Rippen laufen allmahlich spitz nach vorn zu. 
Schhesslich wird auf der Platte selbst die Gummischicht abgerieben, bis das Stahl- 
blechskelett zum Vorschein kommt. 
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Abb. 2a Abb. 2b 


Abb. 2c 


Abb. 2. Verschleisserscheinung an Diffuserplatten. Abb. a-b gummierte Platte, a neu, b Endstadium 
des Verschleisses; Abb. c Platte aus Stahlguss im Endstadium. 


Eine Gummischicht, die ausreichend dick ist, weicht einer Kraft, die senkrecht auf 
sie einwirkt, durch Formanderung aus. Sobald die Mindeststirke beziiglich der Elasti- 
zitat aber unterschritten ist, findet vorwiegend Abrieb statt, bis die Gummischicht 
zerstért ist und das Stahlblechskelett freiliegt. Dort, wo eine Kraft tangential an der 
Gummischicht angreift, tritt von Anfang an nur Abrieb auf, wobei in kiirzerer Zeit das 
Endstadium des Verschleisses erreicht wird. 

Bei den Riihrern und Diffuserplatten aus Stahlguss (Abb. 3) tritt der Verschleiss 
hauptsachlich durch Erosion auf. Der Rithrer bzw. die Diffuserplatte verlieren mehr 
und mehr an Dicke, die Rippen werden nach vorn spitz, auf der Unterseite bilden sich 
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Riefen und von der Peripherie her tritt ein Schwinden der Riihr 


erform, insbesondere 
zwischen den Rippen, ein. 


Die Lebensdauer, die in der Autbereitung Rammelsberg in verschiedenen Flotations- 
stufen mit Gummi oder mit Stahlguss erzielt wurde, ist aus Abb. 4 ersichtlich. Einbau- 
teile aus Weichgummi erreichen die doppelte bis dreifache Lebensdauer gegeniiber 
Teilen aus Stahlguss. Die absolute Hihe der Lebensdauer ist jedoch, ausser vom 


Abb. 3a Abb. 3b 


Abb. 3c Abb. 3d 


Abb. 3. Verschleisserscheinung an Stahlguss-Riihrern von Fahrenwald-Denver Zellen. 
Abb. a-b Anfangsstadium; Abb. c-d Endstadium (von oben, bzw. unten gesehen). 
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Werkstoff, von der Korngrésse und Harte der Mineralkérner und von der Triibedichte 
in der Flotation abhangig. Die héhere Lebensdauer, die in der Pyrit- und Schwerspat- 
flotation im Gegensatz zur PbCu- und Zn-Flotation erzielt wird, ist auf die niedrigere 


M ion 74 
S07 PbCusZn-Flotation Fe-Flotation 


Ba SO, Flotation 


MS-  Fahrenwald-Denver- Fahrenwald-Denver- MS- 
Zelle Zelle Zelle Zelle 


Stahiguss | durchschnittl. R=Ruhrer. D=Diffuser-Platte. 


Lebensdauer r- 


=| Weichgummi t} erreichbare Lebensdauer 


Abb. 4. Lebensdauer verschiedener Riihrer in Flotationszellen. 


Triibedichte und den geringeren Anteil an harteren Erzen in den beiden erstgenannten 
Flotationsstufen zuriickzufiihren. 

Der elastische Werkstoff Gummi erweist sich also gegeniiber einem starren Werk- 
stoff, wie Stahlguss, durch seine langere Haltbarkeit iiberlegen. Gummi kann in seinen 
physikalischen Eigenschaften der Verschleissbeanspruchung weitgehend angepasst 
werden. Bei einer Beanspruchung, die als senkrechte Kraft einwirkt, eignen sich 
weiche Gummisorten, die nachgiebig sind, besonders. Bei einer tangential angreifenden 
Kraft, die reibenden Verschleiss hervorruft, sind hartere Gummisorten geeigneter. 

Um die zweckmissige Werkstoffsorte, unabhaingig vom Betrieb, herauszufinden, 
wurden in einer Versuchseinrichtung bei der Materialpriifungsanstalt der Technischen 
Hochschule Stuttgart verschiedene Werkstoffe unter betriebsnahen Bedingungen 


TABELLE I 


ERGEBNIS DER VERSCHLEISSUNTERSUCHUNG VON STAHLGUSS UND GUMMI AM MODELL 


Verschleiss 


Material Harte ; Verhaliniszahl 
Blin volumenmassig 
Stahlguss 203/209 kg/mm? 0.28 it 
(Vickers) 
Gummiqualitat 53° Shore 0.015 0.05 
EOL 0.012 0.04 


AO ex, 0.009 0.03 
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untersucht. Von den einzelnen Werkstoffen wurden zylindrische Probekérper von 
10mm @und 75 mm Lange hergestellt, wobei Probekérper aus Gummi ausserdem eine 
Stahlstifteinlage erhielten. Die Probekorper liess man in einem mit Erztriibe gefiillten 
Behalter rotieren. Der zuriickgelegte Laufweg eines Probekérpers betrug etwa 10,000 
km. Die Hohe des Verschleisses wurde aufgrund des Gewichtsverlustes ermittelt. Den 
geringsten Verschleiss zeigten die Weichgummisorten (Tabelle I). Die Versuchsergeb- 
nisse decken sich weitgehend mit den Betriebsergebnissen. 


yf 


40 


7 Pb Cu-Flotation in 

4 MS Zellen 

30 
dto. in Fahrenwald- 

Denver-Zellen 


Fe-Flotation in 
f) Fahrenwald- 
Denver-Zellen 


20 


laterial Energie Gesamt- Kosten 


Abb. 5. Betriebskosten (in Pfennig per Tonne) von Flotationsmaschinen 


Uber die Betriebskosten gibt Abb. 5 Aufklarung. Besonders bemerkenswert ist, dass 
die Energiekosten in den dargestellten drei Fallen den gréssten Anteil, rd. g0%, der 
Kosten ausmachen; die Materialkosten liegen bei gummierten Einbauteilen infolge 
hoherer Lebensdauer und giinstiger Preise niedriger als bei Verwendung von Stahlguss. 
Auch wirtschaftlich zeigt sich somit die Verwendung von Gummi derjenigen von 
Stahlguss iiberlegen. 


Eingegangen am 20. April, 1957 
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FAILURE OF A SET OF ROLLER BEARINGS 


C. G. McDONALD anp A. L. TEMBY 


Defence Standards Laboratories, Maribyrnong, Victoria (Australia) 


M. E. HARGREAVES anp A. J. W. MOORE 


C.S.I.R.O. Division of Tribophysics, University of Melbourne, Carlton, Victoria (Australia) 


SUMMARY 


The failure of a set of roller bearings operating under unusual conditions has been investigated. 
The findings have disclosed interesting features relating to the metallurgy of the rollers, the mecha- 
nism of failure and the evaluation of oils used for lubricating such bearings. 


ZUSAMMENFASSUNG 


Die Untersuchung des Bruches einer Reihe von Rollenlagern, die unter ungew6hnlichen Um- 
standen arbeiteten, hat Tatsachen enthiillt, die fiir die Metallurgie der Rollenlager, den Vorgang 
des Bruches und die Begutachtung von Schmierdlen fiir solche Lager von Bedeutung sind. 


An investigation of the failure of a set of roller bearings has brought to notice 
several interesting points relating to the metallurgy and lubrication of anti-friction 
bearings. In particular, the mode of failure of these bearings and the relevance of the 
British Air Ministry Oxidation Test as a means of estimating the behaviour of oil in 
bearings operating at relatively high temperatures are of considerable interest. 


THE PROBLEM 


Two paper-corrugating machines had operated satisfactorily on an oil (No. 1) for 
approximately three years (9000 hours). A change was made to another oil (No. 2) 
and after a short period flakes of metal apppeared in the waste oil flowing from the 
bearings of the corrugating rolls. These bearings each contain seven bronze cages, 
each carrying thirty steel rollers approximately 25/32 inch long and } inch diameter 
running between single races the full width of the seven cages of ee The rolls 
are heated by steam at a pressure of approximately 165/sq. in. so that the roll tem- 
perature may be expected to be in the vicinity of the temperature corresponding to 
that of saturated steam at that pressure, say 190°C. Because of the very heavy loading 
involved the temperature rise in the bearings would no doubt be appreciable. Although 
it was not practicable to measure bearing temperature during operation, it would be 
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expected that the temperature rise in the bearing itself, above roll temperature, would 
not be greater than 100°C, so that the maximum operating temperature of the bearing 
would not exceed 300°C. 

The bearings are lubricated by means of a drip-feed oiler and it was estimated that 
the residence time of the oil in the bearing would be approximately one hour. 

The engineer’s log showed that on one machine approximately 300 hours operation 
(8 weeks) elapsed between the change from oil No. 1 to oil No. 2 and the appearance 
of metal flakes. Replacement bearings were fitted and these are still operating after 
3000 hours further use with oil No. 1. On the second machine, with the oil changed at 
the same time, the same period elapsed before metal flakes appeared, but during that 
period the machine had operated for only 25 hours, z.e. oil No. 2 was present in the 
machine while idle for 8 weeks. After several more days the machine was cleaned and 
oil No. 1 was replaced in it. No further loss of metal was noticed in the next four 
weeks of operation on oil No. 1. The machine was then changed to oil No. 2 again and 
within five hours of operation metal flakes had re-appeared in the waste oil. Examina- 
tion of the bearings at this stage showed that the cages had accumulated appreciable 
carbonaceous deposits, while the rollers were all indented, some showing extensive pit- 
ting and networks of fine cracks (Fig. 1). It was clear that the metal flakes had been 
detached from the cylindrical surfaces of the rollers. 


Fig. 1. Appearance of badly damaged rollers, showing surface cracking, flaking and pitting. x 21/, 


It was possible to lift more flakes of metal from the surfaces of badly damaged rollers 
by prizing with a sharp tool. Many of these flakes had no remaining metallic bond with 
the body of the roller but were held in position by a film of bitumen-like substance 
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which, though relatively hard and dry near the centre of the pits, was progressively 
softer and oilier toward the edges. In many instances the film broke up into granules 
when the flakes were prized out of the surfaces. Fig. 2 shows areas of a roller from 
which flakes have been lifted. The conchoidal fracture, especially clearly shown in the 
upper central pit in Fig. 2, is a typical fatigue fracture, while below it the surface 
crack networks are characteristic of cracking which ensues from severe surface strain 
hardening. The granular material apparent in the pits is the bituminous oxidation 
product which had acted as a binder and had been broken up on removal of the flakes. 


Fig. 2. Surface of damaged roller, showing markings characteristic of fatigue cracking in one large 
pit, networks of fine surface cracks and pits lined with a bitumen-like substance. X Io 


OIL TESTING 


Since the failure appeared at first sight to be due to the oil change, the oils were 
examined. A perusal of the results of standard tests given in Table I shows that there 
were appreciable differences between the two oils. 


TABLE I 
ee ' Test Oil No. Oil No. 2 
Viscosity index 105 8 
Viscosity at 210°F., cs. 13.35 ras 
BAM oxidation test 12 hours at 200°C in glass tube 
Viscosity at 100°F ratio after/before oxidation 1.3 I 
Conradson carbon, %, ; z 
before oxidation 
. . O} sd 
after oxidation I ie Ba 
Petroleum ether insol t idati 15 a 
; solub] atter : J 
e matter after oxidation, %, 0.15 2.10 
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Oil No. 1 is a typical paraffinic oil of high viscosity index and, as judged by the 
British Air Ministry (BAM) Test at 200°C, of good oxidation resistance. Oil No. 2 is 
of the “mixed base” type of medium viscosity index. This type is widely used for 
stationary diesel engine and air compressor lubrication because of inherent mild deter- 
gent properties and solvent power for its oxidation products. Such oils possess some- 
what lower oxidation resistance in the BAM test. 

It will be appreciated that oil No. 1, a high viscosity index oil, can be expected to 
form hard bituminous oxidation products when thin films of it are heated in air, 
whereas oil No. 2 of medium viscosity index, can be expected to form softer deposits. 

It was thought that, if the carbonaceous deposits mentioned were in any way 
related to the failure, an attempt to reproduce them under controlled conditions in 
the laboratory should be made. Exposure to air in contact with sections of the bronze 
cage at 300°C for one hour gave an entirely different evaluation of the oils (see Table IT) 
to that given by the BAM test, the paraffinic oil forming much heavier and harder 
deposits. Consequently, from the point of view of minimising carbon deposits when 
operating equipment of this type at or about 300°C, oil No. 2 would clearly be a better 
choice than oil No. 1. 

To form an estimate of the effect of oil No. 2 on the oxidation products formed 
on the cage sections in the high temperature oxidation test, pieces of the fouled cage 
sections were partly immersed in oil No. 2 and placed in an oven at 200°C for one 
hour. There was no apparent effect on the deposits formed by oil No. 2 whereas those 
formed by oil No. 1 were appreciably softer after this treatment and had begun to 
break up into granules similar to those observed under the flakes removed from the 
surfaces of the rollers. 


TABLE Il 


OXIDATION IN OPEN DISH FOR I HOUR AT 300°C IN CONTACT WITH SECTIONS OF BRONZE CAGE 


Results: 


a. Appearance of cage section after test. 


Oil 1: The parts of the cage in contact with the oil were covered with a thick (0.5-1 mm) coating 
of a hard carbonaceous deposit. Other parts clean but dull. 

Oil 2: Most of the cage clean and bright. A line of thin soft carbonaceous deposit (about 2 mm 
wide) had formed on one side of the cage and a wider band (about 4 mm wide) of soft deposit 
had formed on the other side. 


b. Petroleum ether-insoluble matter in the oil after oxidation. 


el 6083797. 
ile 2 0.0297. 


METALLURGICAL EVIDENCE 


A suggestion was made that the flaking of the rollers might have ensued as a result 
of softening of the rollers due to overheating of the bearings. The condition of the 
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oil at temperatures high enough to cause appreciable softening of the steel was there- 
fore considered. As it has been found that the self-ignition temperature of oils in the 
presence of copper base alloys is very low by normal standards, the self-ignition tem- 
peratures of both oils under the conditions in these bearings would probably be lower 
than 400°C. Since no reports of fires or even of “‘smoking’’ at the bearings had been 
made, the possibility of the bearings having operated at or near oil ignition tempera- 
tures must be discounted. In fact, the suggested maximum temperature of 300°C 
can be considered somewhat excessive for the same reason. 


Figs. 3 and 4. Microstructure of typical damaged rollers, consisting of spheroidised carbides in a 
fully ferritic matrix. Fig. 3, X 500, Fig. 4, X 1500. 


Tests carried out on a random selection of the rollers showed them to have average 
hardness of approximately D.P.N. 280: in normal bearing practice rollers are hardened 
to D.P.N. 750 or higher. Metallographic examination showed the rollers to be in the 
fully spheroidised (ferritic matrix) condition throughout their full section (Figs. 3 and 
4). This feature indicates that either they had not received the normal heat treatment 
and had been installed in the soft condition, or else that they had softened at the 
temperature of operation. 

In order to determine the effect on hard rollers of prolonged heating at tempera- 
tures above those expected in service, tempering tests were carried out on hard rollers 
supplied as replacements and on failed rollers which had been given the appropriate 
hardening treatment for the steel. It was found that tempering at 350°C (at least 50°C 
above the maximum estimated operating temperature) reduced the hardness to D.P.N. 
560 after 40 hours and that this value was unchanged after 90 hours. Even tempering 
at 500°C reduced the hardness only to D.P.N. 330 after go hours, and this hardness 
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remained unchanged after 270 hours (see Fig. 7). Moreover, the microstructure of a 
roller tempered at 500°C for 270 hours was markedly different from that of the failed 
rollers; the matrix structure of this roller was one of heavily tempered martensite (see 


Figs. 5 and 6). 


Figs. 5 and 6. Microstructure of roller after hardening and tempering at 500°C for 270 hours. The 
dark-etching matrix structure is one of heavily tempered martensite. Fig. 5, X 500, Fig. 6, x 1500. 


This evidence, taken in conjunction with the self-ignition properties of the oils, 
proved beyond doubt that the low hardness and the microstructure of the failed rollers 
could not have resulted from heating in service. It must be concluded, therefore, that 
these rollers had been installed in the softened condition. 


Fig. 7. Effect of prolonged tem- 
pering at 350°C and 500°C on 45-85 50 
the hardness of hardened rollers. Tempering time-hours 
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EXPLANATION 


It now remains to explain how the observed sequence of events can be related to 
the properties of the oils and the low hardness of the rollers. 

The soft rollers, being used in an application requiring hardened rollers, had been 
subject to loads in the plastic range. The surface had therefore flowed, strain-hardened 
and eventually cracked. These cracks admitted oil which served to produce extremely 
high hydraulic pressures in the cracks causing their further propagation as fatique 
cracks. This hydraulic effect is obviously independent of the nature of the oil. Then, 
because of its limited circulation through the cracks, the oil became highly oxidised. 
In the case of oil No. 1 this formed a bituminous substance which served to bind the 
flakes to the surfaces of the rollers much as bitumen binds aggregate in a road surface. 
On changing to oil No. 2, which was an effective solvent for the oxidation products 
of oil No. 1, the flakes were released and were observed in the effluent oil. 


CONCLUSION 


Thus we have a series of events giving the appearance of a lubrication failure when, 
in fact, the true failure had preceded the change of oil and was unrelated to the nature 
of the lubricant but was masked by its oxidation characteristics. Moreover, the rele- 
vant difference between the oxidation characteristics of the two oils in the present 
application was not revealed by the standard Air Ministry oxidation test. It was 
necessary for the oils to be heated in contact with copper base alloys in order to obtain 
a true evaluation of their suitability for this application. 
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Literature and Current Events 


The purpose of the following sections is to build up gradually an information centre on the various 
aspects of wear. Contributions in English are invited. All items of these 6 sections will be finally 
included in a separate ‘“‘Volume-Index of Literature and Current Events”’: ; 

1. Systematic Abstracts on current literature will be prepared by Battelle Memorial Institute and 
will begin to appear in issue no. 3 or 4 of Volume 1. Systematic abstracts covering the years 1952-56 
will also be published in Volume 1. 

2. A selected number of Authors’ Abstracts (in English), giving more detailed information than 
the ‘‘Systematic Abstracts’’, will be accepted for publication. 

3. Bibliogvaphies on work in specialized fields or on work in languages other than those of this 
Journal, will also be published. 

4. Recent Events should assist readers in following progress reported in lectures and in finding 
the names and addresses of specialists and technical groups or societies interested in the various 
aspects of friction, lubrication and wear. 

5. Forthcoming Events will give notice of conferences, meetings, or discussion panels of interest 
to readers of WEAR. 

6. Notes on Contributors should facilitate personal contacts between workers interested in wear 
problems. 


Authors’ Abstracts 


The Velocity Dependence of Friction of Teflon and its Wear Properties 


Kiyosui Matsubara — Condensed from Abstracts in J. Mech. Lab. Japan, 2 (1956) 32. Original 
in the Japanese edition, ro (3) (1956) 27. © fig. with legends in English, 17 references. Address: 
The Government Mechanical Laboratory, 132 Sumiyoshi-cho Suginami-ku, Tokyo. 


The velocity dependence of friction of unfilled Teflon at room temperature and its wear proper- 
ties at room and higher temperatures were studied. An apparatus with two cylindrical test pieces 
having the same dimensions (inside diam.: 20 mm@ ,outside diam.: 25.4 mm @) and axially pressed 
on each other were used. Their sliding surfaces are plane and can slide continuously, and the 
temperature of the surfaces soon becomes stationary. In this study the sliding velocities varied 
from 1o~* to 102 cm/sec and the load was varied from 0.2 to 100 kg/cm?. 

The results obtained are as follows: 

(1) The coefficient of friction for Teflon sliding on Teflon and Teflon sliding on three metals 
increases with increasing velocity. The relation between the coefficient of friction and the velocity 
can be expressed as uw = CV (u = coefficient of friction, V = sliding velocity, C and a = cons- 
tants). The constants C and q are found to be 0.034-0.078, and 0.13, respectively, for the velocity 
of from 0.001-0.1 cm/sec; 0.06-0.12, and 0.27, for from 0.01-100 cm/sec. In the range of velocity 
of from 0.01 cm/sec to 0.1 cm/sec the coefficient of friction can be expressed by either one of the 
two formulas. ; 

(2) The critical value of PV for Teflon sliding on steel with little wear in a dry state at room 
temperature is 1 (kg/cm?, cm/sec) or less. ; 

(3) In the temperature range of 200°-300°C, the critical value of PV when Teflon slides on steel 
is as high as 80-100 (kg/cm?, cm/sec), while the wear of Teflon increases gradually with decreasing 
temperature and is severe at 50°C. 
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Investigation of the wear of sleeves and piston rings 
of mud pumps, 17-80. 

Investigation of corrosive and abrasive wear of 
steel in the tubes of boiler economizers, 81-107. 


The investigation of the influence of the kind of 
porosity of chromium plating upon the wear of cast 
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Classification and calculation of wear of connected 
machine parts, 121-181. 
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Radiographic investigation of the structure of 
‘white crust’’ formed on frictional surfaces, 204-209 


Phase transformations in steel during friction and 
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238-263. 


Anon.: Bibliography on Friction, Wear, and Lubrication, for 1953, 324-. 


1. Friction and Wear, 324-337. 
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Note: Pror. M. M. KuruscHoy, a member of our Advisory Board, has been invited to write 
surveys or condensed translations of this highly interesting matter. (Ed.) 
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Recent Events 


BOND VOOR MATERIALENKENNIS 


(Association for the Study of Materials) 
Office: The Hague, Koninginnegracht 41 


Wear Section 


Chairman: Prof. H. BLox 


The 7th discussion day on wear problems was held on May roth, 1957, at Utrecht. Attendance 
80 members. Guest-speaker was Prof. M. C. SHaw (M.1.T.), at present Visiting Professor at the 
Technical University of Aachen (Germany), who presented the following lectures: 


Chemical Action on Surfaces in Sliding Contact 


Absiract: When one surface moves over another, the points of actual contact are subjected to 
very high temperatures and pressures, and clean, highly active surface areas are generated in 
conjunction with the metal transfer which occurs. Conditions found locally on the points of surface 
contact are similar to those found in a chemical autoclave and many reactions that cannot occur 
under ordinary atmospheric conditions will take place under these special conditions. Results that 
have been obtained with metal and nonmetal surfaces in sliding contact with various fluids were 
considered and practical applications discussed. 


The Importance of Specimen Size in Physical Processes 


Abstract: In ordinary engineering practice the plastic flow and fracture properties of a material 
are considered to be constants of the material that are independent of specimen size. There is 
evidence from several fields of engineering that below a certain specimen size, not only the brittle 
behavior but also the plastic flow characteristics of a material change with specimen size. A num- 
ber of examples of such action were presented and practical applications considered. 


Dr. G. SALOMON reported on contacts with a German working group lead by Dr. H. Want. 
Finally, a general discussion of current problems gave workers in Dutch industries the chance 


to pool their experience. 
G.Sa. 
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Forthcoming Events 


a 


CONFERENCE ON 
LUBRICATION AND WEAR 


LONDON: Ist - 3rd OCTOBER 1957 


A Conference on Lubrication and Wear has been arranged by the Institution of Mechanical 
Engineers with the collaboration of the American Society of Mechanical Engineers. 

The Conference will be held in London from Tuesday, 1st October, to Thursday, 3rd October, 
and some of the papers will be rediscussed at later meetings in Toronto and in New York. 

About 100 papers will be presented at the Conference in London and copies of papers intended 
to be discussed will be available beforehand. 

Visits of interest to delegates are being arranged in connection with the Conference. 

The following is the general plan for the Conference:- 


Tuesday, rst October 1957 


II.0 a.m.-12.30 p.m. Opening of Conference. 
2.15 p.m.- 5.0 p.m. Hydrodynamic Lubrication - presentation of review papers. 
5.45 p.m.- 7.0 p.m. Discussion on papers on Hydrodynamic Lubrication. 


Wednesday, 2nd October 1957 


10.0 a.m.- 12.30 p.m. Boundary Friction and Boundary Lubrication - presentation of review 
papers, followed by discussion. 
2.30p.m.- 5.0 p.m. Concurrent sessions, divided into Groups as follows:- 


Group 1: Bearing Metals; Novel Bearing Materials; Glands and Seals; Solid Lubricants; Surface 
Treatments. 

Group 2: Ball and Roller Bearings; Gear Lubrication; Grease Lubrication. 

Group 3: Additives; Special Lubricants; Lubrication in Metal Forming and Cutting; Supply of 
Lubricants to Mechanisms; Special Problems met in Atomic Energy- Properties of 
Lubricants; Miscellaneous. 


The papers in each of the above three groups will be presented for discussion by Reporters. 


Thursday, 3rd October 1957 


10.0 a.m,- 12.30 p.m. Presentation of papers on Wear, and discussion. 
2.30p.m.- 5.0 p.m. Presentation of papers on Wear, and discussion. 


Registration Forms to be obtained from the Secretary : 


The Institution of Mechanical Engineers, 
1 Birdcage Walk, Westminster, London, S.W.1 
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Notes on Contributors 
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[See p. 58] 
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At present principal research officer with the Division of Tribophysics of the C.S.I.R.O., Melbourne. 


[See p. 64] 
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A. A. MILNE, B.A. (Cantab.): obtained first class honours in the Mechanical Sciences Tripos and 
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Mechanical Engineers, London. Has published several papers on boundary friction, grease lubrica- 
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H. Freundlich at the K.W.I. (now M.P.1) for Physical Chemistry, Berlin-Dahlem, and worked on 
kinetics of ring closures in the adsorbed state. Continued kinetic studies from 1933-36 at the 
Organic Lab. of the E.T.H., Zurich, and from 1936-38 at the University of Reading. In 1938 joined 
the newly-founded Rubber-Stichting, Delft, where — except for a forced interruption during the 
war — he built up and directed research on the chemistry of natural rubber. Joined the National 
Council for Industrial Research T.N.O. in 1950, as Scientific Adviser for the coordination of work 
on mechanical testing and wear. Continues coordination work as a member of the newly-founded 
Central Laboratory T.N.O. Has published papers and review articles in these fields and on 
infrared analysis. Scientific adviser to the Council of the Association for the Study of Materials 
and co-founder (with Prof. H. Blok) of the Wear Section of this Association. [See p. 1] 
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Royal College of Science (London). After a short period of research on electron diffraction under 
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